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The monolithic integration of luminescent wurtzite ZnO and magnetic perovskite 
SrTi1-xFexO3 (STF) with a view to optoelectronic applications was studied in three 
aspects: optical properties of isolated ZnO nanorods, electronic band alignment of 
lateral ZnO/STF films, and three-dimensional epitaxy of ZnO/STF vertical 
nanocomposites films. 
Vertically aligned and highly ordered ZnO nanorods were obtained using aqueous 
solution method and nanoimprint lithography. The near band edge emission of the 
nanorods was improved by 8 times due to the activation of hydrogen donors using 
proper post-growth annealing process. A mound formation mechanism was proposed 
to control the shape of the nanorods terrace. Flat terraces act as mirrors of Fabry-Perot 
cavities and enable room temperature lasing behavior. 
It was found that there is good crystallographic matching for ZnO on STF (100) and 
(110) by pulsed laser deposition (PLD) growth of ZnO/STF lateral films. The 
electronic band alignment ZnO/STF36 (100) lateral film was measured for the first 
time to have a valence band offset of -2.1 eV and conduction band offset of -1.3 eV. 
Similar band offset values were obtained for the (110) orientation. 
A new self-assembled ZnO/STF13 vertical nanocomposites system was achieved by 
combinatorial PLD method. The nanocomposites are epitaxial in three dimensions 
with the morphology of STF pillars embedded in a ZnO matrix. The magnetic 
properties of the nanocomposites are dominated by the interface anisotropy.  It is 
found that both phases are fully strained. This system is therefore promising to enable 
strain transfer along the vertical interface and allow the coupling of photonics and 
magnetism parameters.  
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This chapter introduces the motivation and background of ZnO and SrTi1-xFexO3. It 
starts with the introduction of lattice and functional properties of ZnO and SrTi1-
xFexO3, followed by a brief review of two-phase nanocomposites and their functional 
applications.  
1.1  Background of ZnO 
ZnO is a II-VI compound semiconductor material well-known for its wide direct 
bandgap of 3.37 eV and large exciton binding energy of 60 meV at room temperature. 
The excellent optical performance and abundance in nature make it a promising 
substitute of III-V materials such as GaN for optoelectronic devices. The research of 
ZnO started from 1930s and peaked around the end of 1970s and the early 1980s, with 
the focus on the properties and synthesis of bulk samples. Partly due to the difficulty 
of making p-type ZnO, which is crucial for optoelectronic devices, the research 
interest faded away. The revival of ZnO research recently is triggered by the 
possibility of growing epitaxial layers, quantum wells, nanorods/nanowires, 
nanotubes and nanoribbons. From these structures, devices such as light-emitting 
diodes, lasers, sensors, photocatalyst, nanogenerators and nanopiezotronics are 
realized.  
1.1.1 Crystal structure 
The preferential phase of ZnO is in wurtzite structure with a hexagonal unit cell. The 
lattice parameters of bulk ZnO are a = 0.3253 nm, c = 0.5213 nm, which lead to a 
ratio of c/a = 1.603 and unit cell volume = 0.0478 nm
3
. The lattice structure and 
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common surface planes of ZnO are schematically illustrated in Figure 1.1. The unit 
cell comprises Zn
2+
 anions and O
2-
 cations surrounding each other in a tetrahedral 
coordination. Typically, the tetrahedral coordination holds sp
3
 covalent bonding, but 
ZnO also shows substantial ionic character. The ZnO lattice is constructed by the 




 sublattices along the c-axis (perpendicular to 
the c-plane). It results in a dipole moment along the c-axis and two polar surfaces, 
namely the positively charged Zn terminated (0001)  and negatively charged O 
terminated (0001̅) surfaces. The a-plane (112̅0), however, is a non-polar surface. 
The polar (0001) surface has higher surface energy than that of non-polar planes and 
the c-axis is usually the fastest growth direction for free-standing ZnO nanostructures.  
 
Figure 1.1 Schematic diagram of (a) primitive cell of wurtzite ZnO lattice. (b) 
common surface planes (a, c, and r-plane) [1]. 
 
1.1.2 Optical properties 
The optical emission from ZnO is caused radiative transitions of electrons from the 
higher energy states to the equilibrium states. The optical transitions include: band-to-
band transition (eh), free exciton transition (FX), bound exciton transition (DX), free 
hole to donor transition (Dh), free electron to acceptor transition (eA), donor-
3 
 
acceptor-pair transition (DAP), and deep level transition. All the transitions are 
schematically illustrated in Figure 1.2. 
 
Figure 1.2 Schematic representation of major radiative transitions [2] 
 
The band-to-band transition denotes the recombination of the electrons in the 
conduction band and holes in the valence band, therefore the energy of emitted 
photons is close to the bandgap energy. ZnO has a wide bandgap of 3.437 eV at T = 
1.6 K and 3.37 eV at room temperature. The temperature dependence of the bandgap 
energy up to 300 K follows [3]: 
𝐸𝑔(𝑇) =  𝐸𝑔(𝑇 =  0)  −  
5.05 × 10−4 𝑇2
900 −  𝑇
 
The free exciton transition (FX) is due to coulomb interaction between electrons and 
holes. It creates a series of hydrogen-like states slightly below the bottom of the 
conduction band.  Because of the crystal-field and spin-orbit interactions, the valence 
band of ZnO is split into three bands, namely A (heavy hole), B (light hole), and C 
4 
 
(crystal-field split band), resulting in free-exciton transitions of FXA, FXB, and FXC 
respectively. The observation of free-excitons for semiconductors is usually limited to 
very low temperature. But ZnO has a very high free exciton binding energy of 60 
meV and small Bohr radius of ~2 nm, the recombination from free excitons is 
possibly observed even at room temperature, as shown in Figure 1.3. In this thesis, 
depending on the crystal quality of the ZnO sample, the free exciton FXA can be 
observed up to ~160 K, before it broadens and merges with other peaks. The energy 
of free exciton emission with the A-valence band (FXA) of bulk ZnO is 3.375 eV at T 
= 4.2 K [3]. 
 
Figure 1.3 Temperature-dependent PL spectra of ZnO thin film grown on sapphire 
substrate. The curved dashed line indicates the energy position of the FXA which 
becomes dominant at room temperature. The vertical dashed line indicates the low 





The bound excitons (BX) are excitons that localize at impurities (neutral or ionized 
donors and acceptors), defects or other potential fluctuations. The bound excitons 
usually dominate the near band edge emission (NBE) at low temperatures, but 
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become less intense at elevated temperature (see Figure 1.3). ZnO has been reported 
having a series of bound exciton lines labeled as I0-I11 [5, 6]. For the fine features of 
bound exciton transitions at low cryogenic temperatures, the identification of these 
lines is important for analyzing optical and defect properties of ZnO, but remains 
controversial in general. Figure 1.4 shows the assignment of the bound exciton peaks 
proposed by Teke et al., although the exact identification of the donor or acceptor 
species was not available. Table 1.1 summarizes the positions of I0-I11 peaks and 
related properties.  
 
Figure 1.4 PL spectra of acceptor bound excitons (AX) and donor bound excitons 
(DX) emission for the forming gas annealed ZnO substrate at 10 K [7]. 
 
Table 1.1 Bound exciton recombination lines and related properties [3]. 




I0 367.63 3.3725 3.4  
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I1 367.71 3.3718 4.1  
I2 368.19 3.3674 8.5  
I3 368.29 3.3665 9.4  
I4 368.34 3.3628 13.1 H 
I5 368.86 3.3614 14.5  
I6 368.92 3.3608 15.1 Al 
I7 369.01 3.3600 15.9  
I8 369.03 3.3598 16.1 Ga 
I9 369.37 3.3567 19.2  
I10 369.76 3.3531 22.8 In 
I11 370.28 3.3484 27.5  
 
Deep level (DL) transitions are due to recombination centers located deeply in the 
bandgap. The deep level centers of ZnO most commonly give green luminescence 
(GL). Both intrinsic defects such as oxygen vacancies (mostly singly charged oxygen 
vacancies) or zinc interstitials and extrinsic defects such as Cu are most commonly 
identified for causing GL [8]. 
The phonon replicas occur because of the ionic nature of ZnO. The electric field of a 
photon results in strong exciton-LO phonon Frohlich interaction. The momentum 
selection rule (K = 0) for exciton recombination is therefore not necessary, as shown 
in Figure 1.5. The phonon replicas accompany zero-phonon line at integer multiples 




Figure 1.5 Schematic illustration of exciton-1LO phonon interaction at K ≠ 0, where 
E1 and ħωph denote the energy of emitted photon and phonon respectively [4]. 
 
Stimulated emission: One of the most intriguing properties of ZnO is the possibility 
of excitonic stimulated emission, which has a lower threshold than electron-hole 
plasma recombination, even at room temperature. This is due to its high exciton 
binding energy of 60 meV, which is much larger than that of GaN (25 meV) and the 
thermal energy at room temperature (26 meV). Lasing behaviors have been reported 
for various ZnO nanostructures including nanowires, tetrapods, nanoribbons and 





 [9].  
1.1.3 Growth methods 
ZnO nanostructures and films have been synthesized using numerous methods. The 
aqueous solution method and pulsed laser deposition will be introduced in detail in 
Chapter 2. Here, the growth of ZnO using other methods including vapor phase 
transport [10], vapor-liquid-solid (VLS) [11], molecular beam epitaxy (MBE) [12] 
and metal-organic chemical vapor deposition (MOCVD) [13] are briefly reviewed. 
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In vapor phase transport process, the ZnO powders is vaporized and transported to the 
substrate surface. The energy source for the vaporization can be thermal evaporation, 
laser ablation, sputtering or electron beam. ZnO powders are usually heated up to 
1975 ˚C which is close to its melting point, and the ZnO vapor is subsequently 
transported using a carrier gas [14] and condenses onto the substrate surface. In order 
to grow ZnO in lower temperatures, there is a derivative approach that uses sub-oxide 
ZnO1-x precursors, which has a melting point of about 419 ˚C. ZnO1-x can be obtained 
by reduction reaction using graphite, hydrogen or ZnS. 
VLS method is widely used for the synthesis of ZnO nanostructures such as 
nanowires, nanorods and nanotubes. In VLS process, Au, Cu or Sn particles are used 
as catalyst to absorb the vapor species. The species get supersaturated and solidify at 
the liquid/solid interface, leading to the growth of the solid structure along certain 
preferential direction. The size of the nanostructures is easily tuned by changing the 
thickness of the catalyst layer to form particles of different sizes in a dewetting 
process. VLS is the earliest method that realizes large-scale and vertically aligned 
ZnO nanowires arrays [14, 15], although the lithographic process is needed to pattern 
the catalysts for ordered arrays.  
In MBE process, high purity Zn metal, which has a melting point of 420 ˚C, is 
vaporized by thermal evaporation in a Knudsen effusion cell. The Zn vapor is 
transported onto the substrate which is typically coated with an Ag catalyst layer. The 
growth of ZnO is typically carried out at 300-500 ˚C with oxygen as the reaction gas. 
In MOCVD, an organometallic Zn compound such as diethyl-zinc is used under 
appropriate oxygen or N2O flow and the growth is typically carried out at 400-500 ˚C. 
ZnO nanorods can be fabricated by MOCVD without the aid of a catalyst [13]. The 
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mechanism of the catalyst-free one-dimensional growth is not fully clear, but it is 
believed to be related to anisotropic surface energy of ZnO or screw dislocations. 
1.2 Background of SrTi1-xFexO3 
SrTi1-xFexO3 (STF) belongs to a category of crystals named perovskite. The chemical 
formula is ABO3, including AB1-xDxO3 and A1-xDxBO3 derivatives. The first 
perovskite is CaTiO3, discovered in 1839 and named after L. A. Perovski. Perovskite 
materials exhibit many intriguing properties such as colossal magnetoresistance, 
ferroelectricity, superconductivity, charge ordering, spin dependent transport, high 
thermo-power and the interplay of structural, magnetic and transport properties. Due 
to the high electronic and oxygen ion conductivities, STF is also promising for mixed 
ionic electronic conductors. The high-level substitution of Ti for Fe leads to high ionic 
and electronic conductivities while the perovskite phase is stabilized. This makes STF 
based mixed ionic electronic conductors ideal for applications such as solid oxide fuel 
cells, oxygen and hydrocarbon gas sensors and oxygen permeation membranes [16]. 
The defect chemistry of STF had remained poorly understood for long. Based on the 
electrical conductivity and thermogravimetry results, the defect chemical model was 
proposed by Harry L. Tuller’s group [16, 17]. The stoichiometric state of STF is 
𝑆𝑟𝑇𝑖1−𝑥
4+ 𝐹𝑒𝑥
3+𝑂3−𝑥/2, assuming predominantly trivalent Fe, with small excursions for 
oxygen deficiency under reducing conditions and oxygen excess under oxidizing 







 is related to 
the charged oxygen vacancy 𝑉𝑂
..  and interstitial 𝑂𝑖





, where [STF] 
indicates the volumetric concentration of STF formula units. The oxygen 
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nonstoichiometry of STF can be predicted as a function oxygen partial pressure in 
certain temperature range [16, 17]. 
1.2.1 Crystal structure 
The regular perovskite materials show cubic or tetragonal lattices, as illustrated by 
unit cell of SrTiO3 (STO) in Figure 1.6. The A-site Sr
2+
 cations are located at the 4 
corners, the B-site Ti
4+
 cations are at body centered positions and the O
2-
 cations are 
at face centered positions. Some perovskite materials also show orthorhombic or 
monoclinic crystal symmetries. The bulk STO at room temperature is usually 
considered of cubic structure, with a lattice parameter = 0.3905 nm and unit cell 










 ions are 
colored in blue, green and red respectively. 
 
 
The crystal structure of STF epitaxial films depends much on the substrates. The 
structural data for STF35 (x = 0.35) grown on STO (100), (110) and (111) substrates 
[18]  are summarized in Table 1.2. The substitution of Ti with Fe at the B-site results 
an increase of unit cell volume comparing to that of pure STO film and STO substrate. 
Therefore, the epitaxial films of STF35 are all under in-plane compressive strain and 
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out-of-plane elongation which further results in different crystal structures due to 
different orientations of the epitaxial films. 
Table 1.2 Structural data for STF35 films grown on STO (100), (110) and (111) 
substrates 
 STF35 on STO 
(100) 
STF35 on STO 
(110) 





a = b = 0.3906 a = 0.3907 a = b = c = 0.3943 
c = 0.4017 b = 0.3954  
 c = 0.3954  
Lattice angles 
(deg) 
α = β = γ = 90 α = 88.8, β = γ = 90 α = β = γ = 88.9 




0.0606 0.0602 0.0602 
Crystal structure tetragonal orthorhombic rhombohedral 
 
1.2.2 Ferromagnetic and magnetoelastic properties 
Perovskite materials usually exhibit antiferromagnetism when they are doped with 
transition metal ions at the B-sites because of the 180˚ B-O-B bonding angle 
following the Goodenough-Kanamori theory. The ferrimagnetism or ferromagnetism 







 in STF) at the B-sites following the double exchange mechanism. The 
origin of the ferromagnetism of STF is also presumably to be related to the presence 
of oxygen deficiencies because samples grown in oxygen or sintered in air showed 
very low magnetization. The STF films of high Fe contents synthesized in high 
vacuum showed saturation magnetization ranging from 0.5-1 μB/Fe, which is lower 
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than the magnetic moment from high-spin Fe ions. The Fe ions were thus supposed to 
adopt low-spin states or antiferromagnetic superexchange coupling between nearest 
neighbor Fe ions due to high levels of Fe doping. 
Magnetostriction is an effect that the dimensions of a substance change when it is 
exposed to a magnetic field. It was discovered by Joule in 1842 from the observation 
that an iron rod increased in length when it was magnetized lengthwise. The fractional 
change in length was thus defined as λ = ∆l / l, and the value of λ measured at 
magnetic saturation is called the saturation magnetostriction λs. Figure 1.7 shows the 
anisotropic strain when a demagnetized sample has its magnetization aligned by an 
external magnetic field. The strain in the direction of magnetization is in opposite sign 
to the strain perpendicular to the direction of magnetization [19]. The inverse effect of 
magnetostriction causes magnetic properties such as permeability and the hysteresis 
loop to be dependent on stress. For the magnetic films, a significant magnetostrictive 
anisotropy can be created due the stress from the epitaxial growth, even for materials 
of modest magnetostriction coefficients since the lattice mismatch strain can be very 
large. 
 
Figure 1.7 Anisotropic strain caused in a demagnetized sample has its magnetization 




For epitaxial STF films on STO substrates, the magnetic anisotropy was attributed to 
the magnetoelastic effect due to the in-plane compression of the films from the lattice 
mismatch with the STO substrates. Such effect originates from magnetoelastic Fe 











) in STF, the five spins are aligned in a 
high-spin configuration according to Hund's rule, resulting in a half-filled 3d shell. 
Thus no magnetoelastic effects are expected from Fe
3+
 in octahedral sites due to the 




), there is a stabilization of an electron 
spin by the splitting of the eg orbital degeneracy without spin-orbit coupling influence 




) an orbital degeneracy remains in the surviving doublet of 
the t2g term, which will be stabilized as the ground state, depending on whether the 
strain leads to expansion or contraction of the octahedron. The magnetoelastic 
coefficients of STF were calculated by measuring the strain states of the films and 
anisotropy from the angular dependence of magnetization and fitting to the hysteresis 
loops. The magnetostriction constants at room temperature are, STF13: λ100 = 2.1×10
-
6
, λ111 = 7.7×10
-6
, STF35: λ100 = 0.6×10
-6
, λ111 = 1.1×10
-6
  [18].  
1.3 Vertical nanocomposites and strain engineering 
Interface effects of oxide materials have exhibited a wide range of functional 
properties such as interface-induced high temperature superconductivity, hugely 
enhanced polarization at interfaces, enhanced interface magnetism and large carrier 
concentrations at room temperature in 2D interface electron gases [20]. Conventional 
interfaces were created mainly in the form of lateral multilayers (see Figure 1.8a). In 
contrast, the vertical architecture (see Figure 1.8b), which is intrinsically 
heteroepitaxial in three dimensions, substantially increases the interfacial surface area. 
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For strain induced interface effect,  the vertical architecture substantially reduces the 
substrate mechanical clamping which is suffered by the lateral layer structure and 
allows strong elastic interactions between the two oxide phases [21] which makes the 
coupling of two or more physical parameters to be possible.  
 
Figure 1.8 Schematic diagram of different thin film composite structures: (a) lateral 
multilayers and (b) vertical nanocomposites [20]. 
 
Previous research of vertical architectures of nanocomposites, with representative 
examples summarized in Table 1.3, mostly focused on two aspects. The first is the 
coupling between ferroelectric and magnetic order parameters, motivated by the quest 
of room temperature multiferroic thin films. The crystal structures are mostly 
magnetostrictive spinel pillars embedded in ferroelectric/piezoelectric perovskite 
matrix. The second is to enhance the physical properties of one of the oxide phases, 
including enhanced low-field magnetotransport or magnetoresistance, ferroelectric 
Curie temperature, ionic conductivity, and reduced dielectric loss/leakage current. 




Crystal structures Functionalities Reference 




BaTiO3/CoFe2O4 perovskite/spinel magneto-electric coupling [22] 
BaTiO3/NiFe2O4 perovskite/spinel magneto-electric coupling [23] 
BiFeO3/CoFe2O4 perovskite/spinel magneto-electric coupling [24-27] 
BiFeO3/NiFe2O4 perovskite/spinel magneto-electric coupling [28, 29] 
BiFeO3/MgFe2O4 perovskite/spinel magneto-electric coupling [30] 
PbTiO3/CoFe2O4 perovskite/spinel magneto-electric coupling [31, 32] 
La2CoMnO6/ZnO double-
perovskite/wurtzite 
magneto-electric coupling [33] 
La0.7Sr0.3MnO3/ 
ZnO 















perovskite/rocksalt enhanced low-field 
magnetotransport 
[40, 41] 
BaTiO3/Sm2O3 perovskite/rocksalt enhanced ferroelectric 
Curie temperature 
[42] 
BiFeO3/Sm2O3 perovskite/rocksalt reduced dielectric loss [35, 43] 
BiFeO3/BaZrO3 perovskite/perovskite reduced dielectric loss [44] 
Ce0.9Gd0.1O1.95/ 
La0.5Sr0.5CoO3 






1.4 Motivation and objective of the thesis 
For the current optoelectronic technology, ZnO is a promising substitute for the III-
Nitride family which suffers from high cost fabrication. ZnO, however, has 
advantages of low cost, ease of forming nanostructures which result in confinement of 
charges and improved radiative recombination, and room temperature lasing 
capabilities. One of the objectives of this thesis is to realize ZnO nanostructures that 
are vertically aligned, well ordered, capable to scale-up, low cost and can be 
monolithically integrated on Si. 
Aqueous solution growth is a facile and low cost method that is suitable for large-
scale growth and processing of ZnO nanostructures. Using large-area patterns created 
by nanoimprint lithography, vertical and ordered nanostructures can grow in-situ at 
the lithographic resist patterns. Optical performance can be possibly enhanced 
through post-growth annealing process. Growth mechanism is studied in detail in 
order to form controllable morphologies that favour efficient luminescence. 
The coupling of two physical parameters through vertical interfaces is a new concept 
aroused in the past decade. Unique functionalities were achieved in the vertical 
nanocomposites structure, such as magnetoelectric effect. ZnO and STF are two 
important materials that exhibit intriguing optical and magnetic properties 
respectively. This thesis aims to study the structural, optical and electronic properties 
of ZnO/STF heterostructures. This information may be crucial for the development of 
ZnO/STF or wurtzite/perovskite related multifunctional devices. The study on 
ZnO/STF heterostructures starts from exploring the lateral films to self-assembled 
nanocomposites. In-depth understanding of the interplay of the two phases can be 
general for other two-phase systems. 
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1.5 Organization of the thesis 
This thesis comprises 6 Chapters which are organized as follows. 
Chapter 1 introduces the material properties of ZnO and STF. Vertical 
nanocomposites and strain engineering are briefly reviewed. 
Chapter 2 outlines the fundamentals of aqueous solution growth and pulsed laser 
deposition technique. Working principles of the main characterization methods are 
briefed.  
Chapter 3 reports vertically aligned, highly ordered ZnO nanorods were fabricated 
using solution method. Large-area patterns were created by nanoimprint lithography. 
Growth mechanism and optical properties were discussed. 
Chapter 4 presents the growth of ZnO/STO and ZnO/STF lateral films by PLD. 
Epitaxial relations, optical properties and energy band alignment were studied. 
Chapter 5 reports the three-dimensional epitaxy of self-assembled ZnO/STF13 
vertical nanocomposites by combinatorial PLD. Crystallographic matching and strain 
states were studied in detail using RSM. The magnetic and optical properties were 
studied. 






2 Synthesis and characterization methods 
In this chapter, fabrication and characterization techniques are briefly introduced, 
including the fundamentals of aqueous solution growth, pulsed laser deposition, 
nanoimprint lithography, X-ray diffraction, photoluminescence, Raman Spectroscopy, 
Vibrating sample magnetometer and X-ray Photoelectron Spectroscopy. 
2.1 Aqueous solution growth 
Compared to the gas-phase deposition methods, the aqueous solution growth is a 
simple, inexpensive and low temperature approach for large-scale growth of ZnO 
nanostructures. Zinc acetate, zinc nitrate or zinc chloride are often used as the growth 
precursors in the chemical solution. Ammonia or sodium hydroxide was used to tune 
the pH of the solution. Detailed discussion on the growth mechanism of ZnO 
nanorods can be found in Chapter 3. 
The chemistry of the deposition of ZnO in the solution (without Ammine complex 
formation) is summarized as: 
Acetate complex formation: 
𝑍𝑛𝐴𝑐2 ↔ 𝑍𝑛
2+ + 2𝐴𝑐− 
Hydroxide complex formation [46, 47]: 
𝑍𝑛2+ + 𝑂𝐻− ↔ 𝑍𝑛(𝑂𝐻)+ 


























 within the crystal, 
respectively. 
 
Figure 2.1 Schematic diagram of the aqueous solution setup. 
In this work, the experimental procedures of the growth of ZnO nanorods are as 
follows. First, the growth precursor Zinc acetate and ammonia were dissolved in the 
deionized water. Second, the Si/ZnO nanoparticle substrate was prepared by spin-
coating and annealing process. The Si/textured-ZnO was prepared by growth of ZnO 
seedlayer on Si using PLD. Third, the substrates were immersed in the chemical 
solution with the surface facing downwards, as shown in Figure 2.1. The setup was 
sealed and heated up to 95 ˚C to start the crystal growth. 
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2.2 Pulsed laser deposition 
Pulsed laser deposition (PLD) is a vapor-phase deposition technique for creating high 
quality thin films. PLD shares some of the characteristics of evaporation and 
sputtering. Compared to evaporation and sputtering, PLD is advantageous in 
maintaining good stoichiometry transfer from the target to the film and therefore is 
commonly used for the synthesis of complex stoichiometry materials.  The essential 
components of the PLD system are schematically shown in Figure 2.2.  
The PLD system used in this work comprises a 6-position rotating target holder and a 
substrate holder in a vacuum chamber. A high-power laser pulse is used as the 
external energy source. In this work, it is an ultraviolet pulsed KrF laser (λ = 248 nm), 
focused onto the target surface through high quality quartz optical lenses and chamber 
window. The pulse duration is typically in the range of nanoseconds. The controllable 
laser parameters including the energy density and the pulse rate influence the 
deposition flux, crystal quality, stoichiometry (therefore magnetization) of the films. 
When the high energy density (typically 2-5 J/cm
2
) is focused on the target, it melts, 
evaporates and ionizes the target bulk material. Such pulse ablation produces a plasma 
plume containing the atomic species of the bulk target materials. The plasma plume 
extents from the target surface towards the substrate and deposition take place. The 
deposition can be carried out in high vacuum (typically in the order of 10
-6
 torr) or in 





 torr) in this work for maintaining stoichiometry of ZnO films. The 
substrate is placed with distance of 7-8 cm away from the target. The target distance is 
related to the area uniformity of the films and kinetic energy of the atoms arriving at 
the substrate surface. The substrate can be heated up to > 900 ˚C to achieve good 
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crystallization and epitaxial growth of certain materials. In this work, the substrate 
temperature for growing ZnO and STF is within the range of 400-800 ˚C and the 
substrate temperature resulting in best crystallization for ZnO and magnetization for 
STF typically occurs at 600-650 ˚C depending on the day-to-day variation of the 
heater. The targets used in this work were fabricated by standard ceramic fabrication 
methods. Precursor powders were weighted according to the stoichiometric element 
ratios of the final target compositions. They were subsequently mixed in ethanol and 
grinded by ball milling for 24 hours. The mixture was dried and calcinated in a tube 
furnace in air. The powders were applied uniaxial cold isostatic pressure of 40,000 psi 
for 2 minutes into a 1" diameter pellet which was transferred to a tube furnace and 
sintered to form the final target. 
 
Figure 2.2 Schematic diagram showing the essential components of PLD [49]. 
 
In this thesis, the PLD procedure of deposition of ZnO and STF is summarized in 
several steps. First, the chamber was pumped down to a vacuum level of 2-3 × 10
-6
 
torr after placing the clean substrates and targets into the chamber. The substrate was 
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heated to the desired temperature at a speed of 10 ˚C/min. Second, the vacuum or the 
reactive gas was tuned to the desired pressure. The program controlling the laser 
pulses and targets/substrates rotating is written and run. Third, the substrate was 
cooled down to room temperature at a speed of 5 ˚C/min.  
A combinatorial method was used to control the composition of the nanocomposite 
films. The method is schematically illustrated in Figure 2.3. Samples were placed in 
the sample holder having different distance to the target. During the growth, the 
sample holder rotates 180 degree for each deposition layer resulting in a composition 
gradient along the holder. The final composite was either ZnO rich or STF rich 
depending on the position that the sampled was placed.  
 
Figure 2.3 Schematic diagram of PLD combinatorial method. 
 
2.3 Nanoimprint lithography 
Nanoimprint lithography (NIL) is a surface patterning technique with relatively high 
resolution down to sub-10 nm [50]. NIL is particular suitable for large area patterning. 
Patterns can be quickly created in the wafer-scale (up to 8”). It is also of low cost 
compared to the optical lithography techniques because the expensive optical 
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components are not required. Therefore, NIL has become an important technique for 
both research and industry  [51].  
Depending on the working principles, NIL can be divided into thermally cured and 
UV cured NIL.  In this thesis, we focus on the step-and-flash nanoimprint lithography 
(S-FIL) in which the resist is cured by UV irradiation. S-FIL enlarges the imprinted 
area by repeated printing with a small template which was commercially available and 
created by etching patterns into quartz previously EBL writing. Figure 2.4 
demonstrates the creation of patterns on a textured-ZnO/Si substrate. For each 1 cm × 
1 cm area, the resist was homogenously dispensed onto the flat surface. The quartz 
template subsequently stepped on the resist layer with customized force. The template 
features were filled by the resist due to attraction of capillary effect. The patterns were 
created after the UV curing and release of the template. Patterns were further 
extended to the full wafer area by repeating the above mentioned steps. Finally, the 
residual layer was removed by plasma etching. 
 
Figure 2.4 Schematic diagram of patterns creation using S-FIL. 
 
In this work, we used an Imprio-100 S-FIL system (MII) with low viscosity fluid of 
MonoMat as the resist. The detailed experimental procedures are listed in Figure 2.5. 
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One of the important steps to optimize the pattern uniformity is the levelling of the 
substrate and the template. Besides careful manual tuning, the surface flatness is 
crucial. Since we created patterns on 4” and 2” wafers, small roughness resulted in 
substantial deviation of the levelling along the large area. Therefore, customized Si 
wafers with ultra-flat surface are recommended. The textured-ZnO seedlayer coated 
on the Si wafers were kept thin (<100 nm) to avoid large surface roughness. 
 
Figure 2.5 Float chart of S-FIL experimental procedures. 
 
2.4 X-ray diffraction 
X-ray diffraction (XRD) is used in this work for phase identification and 
determination of epitaxy orientations and strains. The fundamental mechanism of 
XRD is related to Bragg’s law. For parallel planes of atoms, with a space dhkl between 
the planes, constructive interference only occurs when Bragg’s law is satisfied: 
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𝜆 = 2𝑑ℎ𝑘𝑙 × sin (𝜃) 
where  = 1.54056 Å is the wavelength of the radiation and θ is the diffraction angle.  
Consequently, a family of planes (hkl) produces a diffraction peak at a characteristic 
angle θ. For single crystals, a coupled scan produces only one family of Bragg peaks in 
the diffraction pattern, as shown in Figure 2.6 Therefore, the coupled scan (θ-2θ scan if 
no offset) is used to study the out of plane orientations and lattice parameters of epitaxial 
films. 
 
Figure 2.6 A coupled scan of a single crystal produces only one family of Bragg peaks in 
the diffraction pattern [52]. 
 
X-ray reciprocal space mapping (RSM) is a record of the diffraction intensity as a 
function of the reciprocal space dimensions. RSM is extremely useful for quantitative 
analysis of the film in-plane lattice parameter, strain state and defects. In a reciprocal 
lattice of a material, each point represents a vector which represents a set of Bragg planes. 
The reciprocal vector is defined as: 
𝑑ℎ𝑘𝑙
∗ = 1/𝑑ℎ𝑘𝑙 
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where dhkl is the vector drawn from the origin of the unit cell to intersect the first 
crystallographic plane in the family (hkl) at a 90˚ angle. Effects such as strain can 
shift the reciprocal lattice points. Figure 2.7 shows two sets of reciprocal lattices of 
the substrate (blue) and the epilayer (black) which is fully strained or fully relaxed. 
The black diagonal line indicates one RSM scan. Multiple scans were used during the 
experiments to fully cover both the film and substrate peaks.  
 
Figure 2.7 Reciprocal lattices of a substrate and an epilayer with one RSM scan, 
edited from [52]. 
 
RSM comprises two types of scans: symmetric scan and asymmetric scan. In 
symmetric scan, the sample was not tilted and only planes that are nearly parallel to 
the sample surface was examined. The other planes were examined by asymmetric 
scan by tilting the sample. The asymmetric RSM is most useful in quantitative 
analysis of the strain state. The position of reciprocal space points in the asymmetric 
RSM can be used to calculate the in-plane lattice parameters which are not detectable 
in the coupled scan. The position and shape of reciprocal space points provide 
information of the composition, strain and defect of the sample. Figure 2.8 shows a 




Figure 2.8 Defects, compositional and strain gradients that produce spreading of the 
reciprocal space point in a RSM scan [52]. 
 
In this thesis, the X-ray RSM was carried out to determine the strain states of 
ZnO/STF nanocomposite films, using a Bruker D8 Discover high-resolution triple-
axis X-ray diffractometer (Cu Kα radiation), with a linear position sensitive detector 
for collecting RSM. The coupled scans for the phase and orientation identification of 
ZnO and STF films were carried out using a PANalytical multipurpose diffractometer. 
2.5 Photoluminescence 
Photoluminescence (PL) is a technique used for studying optical properties of 
semiconductor materials. It uses photon excitation, a laser for the micro-PL used in 
this thesis, to promote electrons of the sample to higher energy states. When the 
electrons relax to the equilibrium states, the transition can be either radiative or non-
radiative depending accompanied or not on emission of photons. The energy 
(wavelength), intensity, and line-shape of the emitted light through radiative transition 
offer important information on the bandgap, strain, identification of native defects or 
dopants, crystal quality, recombination mechanism, etc. PL is also advantages in 




In this thesis, the PL experiments are carried out using a Renishaw 2000 micro-PL 
with a Kimmon He-Cd laser of 325 nm exciton line. The penetration depth of the laser 
is approximately 50-100 nm. The emission from the sample is detected using a back-
scattering geometry through a photomultiplier and lock-in amplifier. The low-
temperature PL is carried out in cryostat which allows temperature to be adjusted 
from 17K to 300K. The microscope allows selection of 1 μm diameter area. During 
the measurement of PL, a series of periodic peaks are often observed. In some cases, 
they are emissions due to longitudinal-optic (LO) phonon replica. For the PL 
equipment used in this thesis, the periodic peaks can also be artifacts due to the 
reflection or interference of the mirrors. The identification of phonon replicas or 
emission artifacts depends partly on whether the energy separation from the zero-
phonon peak is close to 72 meV. 
To study the stimulated emission, an optical pumping set-up is used. The optical 
pumping is 35 fs pulses of 325 nm generated from an optical parametric amplifier 
(TOPAS-CTM). The pulses (~3 μJ/pulse) were incident normally to the samples and 
focused onto a spot of ~500 μm diameter. The luminescence was dispersed by a 
monochromator and detected with a CCD detector in a conventional back-scattering 
geometry. 
2.6 Raman Spectroscopy 
Raman Spectroscopy is a non-destructive technique that provides information about 
the vibrational modes of the lattices. Such information can be used to analyze the 
chemical compositions and strain evolution of the nanostructures and films. Raman 
spectroscopy is based on an inelastic light scattering between the lattice and incident 
laser light source. Most of the scattered light remains the same wavelength (elastic 
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collisions) as the laser light source, called Rayleigh scattering, providing little 
information about the vibrational modes. A small portion of light changes wavelength 
(inelastic collisions) after the collisions, called Raman scattering. The energy change 
of the photons, the Raman shift, is exclusively related to the certain chemical bonds 
and acts as fingerprint to certain molecules or defects. The Raman shift is also 
sensitive to the deformation/strain of the lattices. 
 
Figure 2.9 Schematic diagram of displacement of the optical phonons of ZnO [1]. 
 
Wurtzite ZnO lattice has 12 phonon braches (9 optical and 3 acoustic), namely 3 
longitudinal-optical (LO), 6 transverse-optical (TO), 1 longitudinal-acoustic (LA) and 
2 transverse-acoustic (TA). They consist of 8 sets of phonon modes located near the 
center of the Brillouin Zone. Among these phonon modes, two E2, one A1 and one E1 
modes are Raman active, both B1 are inactive (silent modes) to Raman spectroscopy 
(see Figure 2.9). The E2 mode with lower frequency, 𝐸2
𝑙𝑜𝑤, is related to the heavy Zn 
sublattice. The E2 mode with higher frequency, 𝐸2
ℎ𝑖𝑔ℎ
, is associated with vibration of 
light oxygen atoms. Both A1 and E1 modes split into LO and TO components. For the 
lattice vibrations with A1 and E1 symmetries, the atoms move parallel and 
perpendicular to ZnO c-axis, respectively. According to the Raman selection rules, if 
the incident light is perpendicular to ZnO (0002) surface of a single crystal, only 
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A1(LO) and E2 modes can be observed, with all the other modes forbidden. If the 
incident light is perpendicular to ZnO (101̅0) surface, E2, A1(TO) and E1(TO) are 
possible to be detected. In the case of ZnO of random orientations, such as 
polycrystalline films or randomly orientated nanorods, all the E2, A1 and E1 modes 
can be observed. The position of common phonon modes at room temperature are 
𝐸2
𝑙𝑜𝑤 = 101 𝑐𝑚−1, 𝐸2
ℎ𝑖𝑔ℎ = 437 𝑐𝑚−1, A1TO = 380 cm
-1
, A1LO = 574 cm
-1




2.7 Vibrating sample magnetometer 
Vibrating sample magnetometer (VSM) is an inductive technique that measures 
magnetic moments of a sample when it is vibrated perpendicularly to a uniform 
magnetizing field. The technique was invented in 1955 by Simon Foner at Lincoln 
Laboratory of MIT [53]. The essential components of a VSM system are shown in 
Figure 2.10. The sample was loaded using a diamagnetic sample holder rod made by 
pyres glass or quartz. During the measurement, the sample was vibrated 
perpendicularly to the homogeneous magnetic field up to 1T. The magnetization of 
the sample can be calculated through the voltage values recorded by the pickup coils. 
By changing the applied field from -1 T to 1 T, the hysteresis loop of the sample can 
also be obtained.  
In this work, we used an ADE Technologies VSM Model 1660. The magnetization 
resolution of ~10
-6
 emu was achieved and the environmental AC electronic noise was 
screened. Cleaning of the sample and sample holder rod is important for 
contamination minimization. The calibration was carried out using a piece of Ni. It is 
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also important to keep the geometry and position of the Ni tablet possibly close to that 
of the testing sample, in order to get accurate results. 
 
Figure 2.10 Schematic diagram of a VSM system. 
 
A sample is placed inside a uniform magnetic field to magnetize the sample. The 
sample is vibrated in a sinusoidal pattern during the measurement. The induced 
voltage in the pickup coil is proportional to the sample's magnetic moments.  
2.8 X-ray Photoelectron Spectroscopy 
X-ray Photoelectron Spectroscopy (XPS) is a non-destructive surface analysis 
technique for detecting materials’ electron binding energy which is the minimum 
energy required to free electrons from their atomic orbits. The advantages of XPS 
include good quantification and chemical state determination capabilities. The 
penetration depth of the X-ray source materials Al (1486.6eV) and Mg (1253.6eV) 
makes XPS is particularly surface sensitive. The basic principles of XPS can be 
described as photoelectric effect, with the fundamental mechanism shown in Figure 
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2.11. The incident photon ionizes an atom and produce free electron if the energy is 
sufficient. The kinetic energy of the photoelectron can be expressed by: 
𝐾𝐸 = ℎ𝑣 − 𝐵𝐸 − 𝜙 
where BE is the electron binding energy and ϕ is the work function of the material. 
The BE is used to characterize the core atomic orbitals of the desired elements. 
 
Figure 2.11 Fundamental working principles of XPS. 
 
The XPS system comprises several essential components: an X-ray gun that emits Al 
Kα or Mg Kα X-rays, a concentric hemispherical electron analyzer, an ultra-high 
vacuum system realized by rotary pumps, turbo-molecular pumps, ion pumps and Ti 
sublimation pump.  
In this thesis, the XPS experiments were carried out using a PHI Versaprobe II XPS 
system with monochromatic Al Kα (225W, 15.0 kV with kinetic energy of 1486.6eV) 
X-ray radiation. For each sample, 1 eV step was set for the survey spectra (pass 
energy of 160 eV) in the range of 0-1200 eV. In high-resolution spectra (pass energy 
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of 160 eV) over different element peaks, step of 0.1 eV was set. The base pressure in 
the sample analysis chamber was set to less than 1 × 10
-8
 mbar. A low energy electron 
flood gun (~3 eV) was also used as charge neutralizer with the purpose of charging 
effect minimization. 
2.9 Other characterization techniques 
Several other characterization techniques used in the experiments are summarized: 
For the characterizations of ZnO nanorods, morphologies were characterized by 
atomic force microscopy (AFM, Multimode-Digital Instruments) and field-emission 
scanning electron microscopy (SEM, JEOL JSM6700F). Structural characterization 
was carried out using a general area detector diffraction system (GADDS, Cu Kα, 
Bruker D8) and high resolution X-ray diffraction (HRXRD, Cu Kα, PANalytical 
X'Pert Pro). Microstructures and interfaces were studied using high resolution 
transmission microscope (HRTEM, Philips CM300). The as-grown samples were 
annealed using a rapid thermal annealing system (RTA, ULVAC-RIKO MILA-3000). 
The annealing temperature was ramped at a rate of 35 ˚C/s, and then held constant for 
30 mins before being cooled down to room temperature at a rate of 60 ˚C/min. 
For the characterizations of STF13/ZnO nanocomposites, the cross-sectional TEM 
was conducted on a JEOL 2010F field emission microscope, with the TEM sample 
prepared by focused ion beam technique on Helios Nanolab 600. AFM was carried 
out by a Nanoscope Dimension IV microscope. The elemental composition of the 
targets and films were measured by wavelength dispersive x-ray spectroscopy (WDS). 
ZFC and FC measurements were done by a quantum design superconducting quantum 
interference device (SQUID) on MPMS 5S Quantum Design magnetometer.   
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3 Vertically aligned and highly ordered ZnO 
nanorods 
3.1 Introduction 
Vertically aligned, highly ordered, large area arrays of semiconductor nanorod can be 
used as building blocks for multifunctional devices. In particular, ZnO nanorod arrays 
with rational control over the position, morphology and functionality are highly 
desirable in constructing optoelectronics and electronic sensing and data storage 
devices [54].  
To fabricate vertically aligned ZnO nanorods/nanowires, a common approach is 
vapour-liquid-solid (VLS) method [11], but to create ordered array, this process 
requires additional assembly of an array of metal catalyst to achieve precise 
registration. Also, the use of a metal catalyst itself may introduce contamination and 
limits the choice of materials to form nanostructures. Recently, the catalyst-free 
solution growth of nanorods and their assembly through grow-in-place parallel 
processes have been extensively used. The nanorods grow in-situ at the 
lithographically patterned seed layer sites at low temperature [55-57]. The seedlayer 
and photoresist pattern can guide the orientation, position and size of the nanorods. 
However, questions remain concerning the scale-up capability and rational control 
over the morphology and the functionality. 
In this chapter, we demonstrate fabrication of low cost, large-scale assembly of 
vertically aligned and highly ordered ZnO nanorod arrays on Si substrate. The 
fabrication outline is listed in Figure 3.1. Arrays with good uniformity were achieved 
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by a combination of solution growth and large-area (up to 4” wafer size) step-and-
flash nanoimprint lithography (S-FIL). Solution-grown ZnO nanomaterials usually 
suffer from poor near-band-edge (NBE) emission which inhibits the applications in 
optoelectronic devices. A facile post-growth thermal treatment was used to greatly 
enhance the NBE emission through manipulation of hydrogen donors. Moreover, well 
aligned ZnO nanorods with faceted ends are known to be potential candidates for 
room temperature lasers due to their high excitonic binding energy and carrier 
confinement [15]. Lasing actions due to both electron-hole plasma (EHP) and exciton-
exciton collisions had been observed from single ZnO nanowires synthesized by the 
VLS approach [58]. For ZnO nanorods grown from solution, smooth terraces 
developed from the two dimensional nucleation-driven wedding cake morphology are 
expected to facilitate lasing. Strong light-matter interaction is suggested to be one of 
the reasons for strong sub-bandgap luminescence and lasing behaviour. The studies of 
isolated ZnO nanostructures provide information that can be utilized in the fabrication 




Figure 3.1 Outline of the fabrication process of highly ordered and large area ZnO 
nanorod arrays. 
 
3.2 Large-area patterning using nanoimprint lithography 
The typical route to forming ZnO nanorod arrays on a lattice mismatched substrate 
starts from the deposition of a textured ZnO seed layer by spin-coating and annealing 
of the precursors [59], but the degree of alignment of the resulting nanorods is limited. 
In order to obtain a highly uniform orientation, a thick seed layer may be used [55, 
57], but this could be detrimental for device integration. Considering that the 
crystallinity of the nanorods is also affected by that of the seed layer [60, 61], we used 
a textured polycrystalline thin film (~90 nm thickness) deposited by PLD. An oxygen 
partial pressure of 1 × 10
-3
 Torr, pulse energy of 280 mJ and substrate temperature of 
600˚C were used to achieve a (0002) preferential orientation and RMS roughness 





Figure 3.2 AFM height image of ZnO seed layer grown on Si (100) wafer, indicating 
a smooth surface. 
 
Resist patterns were fabricated on the seedlayer using S-FIL (Imprio 100). Ultraviolet 
(UV) curable monomer resist (Monomat
TM
) was dispensed on the selected area. A 
quartz template with nanopillar patterns was applied to the resist layer, and the low 
viscosity resist fluid was attracted into the nanopatterns of the template by capillary 
force. Uniformity of the patterns was controlled via the seed layer roughness, profile 
of the dispensed resist droplets, and substrate-template levelling. After UV light 
exposure at room temperature the template was retracted, leaving UV-cured resist 
patterns with a residual layer underneath. By repeating the processes of dispensing, 
imprinting and exposure, large-area patterns were fabricated on ZnO seedlayer coated 
4 inch Si wafers. The SEM image of large-area cylindrical hole patterns, with 
diameter of 100 nm and aspect ratio of ~2.5:1, is shown in Figure 3.3a. The residual 
resist layer of 150-200 nm thickness (see Figure 3.3b) was subsequently removed by 
reactive ion etching (RIE) in oxygen plasma to expose the seed layer underneath. The 
size of the resist holes increased for around 30% by etching for 20 seconds, as shown 




Figure 3.3 (a) SEM top view image of a resist pattern formed on top of the seed layer 
with a cross-section view shown in the inset. (b) Cross-section view of resist patterns 
before RIE. (c) Resist patterns after RIE, the seedlayer start to be exposed. 
 
3.3 Morphology and microstructure 
The patterned substrates were subsequently immersed in an aqueous solution of zinc 
acetate and ammonia 90 ˚C. The growth time ranged from 5 to 30 mins to inspect the 
morphology evolution. Highly aligned and large-area ZnO nanorod arrays were 
successfully grown within the cylindrical hole patterns on top of the textured 




Figure 3.4 SEM top-view image of highly aligned and large-area ZnO nanorod arrays, 
and XRD θ-2θ spectra of the nanorods and seedlayer, showing predominant (0002) 
orientation. The inset is high resolution spectra near the ZnO (0002) diffraction peak. 
The dashed lines indicate the position of orientations for bulk ZnO (JCPDS No. 89-
1397). 
 
The orientations of the nanorods were controlled by the texture of the seed layer, as 
indicated by the XRD θ-2θ spectra in the inset of Figure 3.4. The nanorod c-axis was 
oriented out of the substrate surface. Highly uniform orientation was achieved proved 
the absence of (10 ̅10) and (10 ̅11) diffraction peaks which are commonly present in 
ZnO nanorods grown by solution methods. The 2θ value of the (0002) diffraction 
peak for the seedlayer was larger than that of the bulk and the nanorods. This might 
be due to that the textured polycrystalline seedlayer is under in-plane tensile stress 
(thus out-of-plane compressed) associated with island coalescence through a ‘zipping’ 
process [62], in which the free surfaces of two islands merge to form a grain boundary 




Figure 3.5 SEM image of (a) top view and (b) cross-section view of ZnO nanorod 
arrays grown for 10 mins. (c) top view and (d) cross-section view of ZnO nanorod 
arrays grown for 30 mins. (e) top view and (f) tilted view of ZnO nanorods after 
coalescence into single rods. 
 
The SEM images of top and cross-section view of the ZnO nanorods grown for 10 
mins are shown in Figure 3.5a and Figure 3.5b respectively. The top surfaces of the 
nanorods, in a shape of mounds, resembled the grain structure of the seed layer, which 
implied a conformal growth process. The top ends of the nanorods evolved into 
faceted brush-like structures after growth for a longer time (30 mins), as depicted in 
Figure 3.5c (top view) and Figure 3.5d (cross-section view). Single rods structure can 
be achieved by adding surfactant (sodium citrate) into the solution to impede the fast 
growth along the c-axis direction. The resulting morphologies are shown in Figure 
3.5e and Figure 3.5f. 
Although the interface between the nanorods and seedlayer is important in 
determining the properties of ZnO nanorods, there is a lack of TEM study in the 
literature, partly because of the difficulty in keeping nanorods standing as grown 
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during the mechanical way of TEM sample preparation. A cross-section TEM image 
of a ZnO nanorod is shown in Figure 3.6a. The interface between the Si substrate and 
the ZnO textured seed layer is shown in Figure 3.6b. An amorphous SiOx layer of ~3 
nm thickness existed between the Si substrate and the seed layer as expected from the 
Ellingham diagram. The interface between the nanorod and seed layer, as revealed in 
Figure 3.6c, was not clearly delineated, which indicates good epitaxial growth of the 
nanorod from the seed layer. The vertical edge of the rod surface illustrates 
effectiveness of the resist in controlling the sideway growth. Figure 3.6d shows fewer 
defects present at the upper region of a nanorod compared to the interface region at 
the bottom of the rod. Selected area electron diffraction (SAED) patterns (see Figure 
3.6e) prove that the nanorods were ZnO single crystals with the wurtzite structure and 
c-axis orientation along their length. 
 
Figure 3.6 (a) TEM cross-section view image of a ZnO nanorod on a seed layer and 
on a Si substrate. (b) Interface of ZnO seed layer and Si substrate showing an 
intermediate amorphous SiOx layer. (c) HRTEM image of the nanorod-seed layer 
interface showing alignment of crystal orientations and a sharp rod edge. (d) HRTEM 




3.4 Growth mechanism 
3.4.1 Growth of un-patterned ZnO nanorods on Si and GaN 
To study the growth mechanism of ZnO nanorods, we first go back to the typical 
solution growth method, by which un-patterned ZnO nanorods were grown on Si 
substrate coated with ZnO nanoparticles and GaN single crystal film. In aqueous 
solution, the growth of ZnO nanostructures is controlled by parameters including 
substrate surfaces, Zn
2+
 concentration, pH, and growth temperature. Different 
parameters affect the way that the initial adatoms nucleate on the substrate surfaces 
which results in different growth mechanism and final morphologies. In this section, 
we compare ZnO nanostructures grown on two different substrate surfaces to 
illustrate the existence of different growth mechanism under different supersaturation. 
Prior to the solution growth of ZnO nanostructures, two types of substrates were 
prepared. 1. ZnO nanoparticles seed layer on Si substrate: ZnO nanoparticles were 
spin-coated onto the Si substrate. The ZnO nanoparticles, about 10-20 nm in diameter, 
were prepared in a methanol solution containing 0.2 M KOH and 0.1 M Zn(Ac)2.  
2. GaN epilayer on c-plane sapphire substrate: The GaN epilayer was grown by 
MOCVD. The thickness of the GaN epilayer is about 3 µm and the dislocation density 
is <1×10-19/cm2. 
The growth of ZnO nanostructures was carried out at 90 ˚C in the solution growth 
setup which was described in Chapter 2. The two types of substrates were placed in 
the same bottle for each batch of the growth to keep identical growth condition. 
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According to thermodynamic theory, the nucleation of adatoms are thermally 
activated and of a function of supersaturation. The critical energy for nucleation to 
occur is determined by surface energy γ, temperature T, and supersaturation α𝑆𝑆: 




The surface energy of ZnO has been reported to be related to the pH of the solution. 
The point of zero charge (PZC) is the pH at which the ZnO surface has a net neutral 
charge. The value of PZC was reported to be between 8.7 and 9.7 [63, 64]. When pH 
of the solution is far away from PZC, the surface energy γ is reduced to a small and 
constant value [65]. With the growth temperature kept constant at 90˚C and the pH of 
the solution kept at ≥ 10.5, the nucleation process is dominated only by 
supersaturation, which is defined as: 




where 𝑐  and 𝑐𝑜  are the concentration and equilibrium concentration of the system, 
respectively.  
By changing the concentration of Zn(Ac)2, the morphologies of ZnO nanorods grown 
in the solution of low α𝑆𝑆 and high α𝑆𝑆 are compared. Figure 3.7a and Figure 3.7b 
show the top view and cross-section view of ZnO nanorods grown on ZnO 
nanoparticles/Si substrate at low α𝑆𝑆, respectively.  The nanorods grown at high α𝑆𝑆  
possess similar morphologies (not shown) with larger rod diameter and length. Figure 
3.7c and Figure 3.7d show the top-view of ZnO nanostructures grown on GaN 
substrates at high α𝑆𝑆 and low α𝑆𝑆, respectively. At high α𝑆𝑆, vertical growth of the 
nanorods with large and flat top was observed.  Interestingly, at low α𝑆𝑆 , tripod 
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nanostructures were formed and the branches of the tripods exhibit in-plane epitaxial 
alignment. This tripod structures are similar to the reported van der Waals epitaxy 
tripods which are formed due to the zinc blende ZnO nucleation seeds [66]. In general, 
from Figure 3.7 it is suggested that on rough surfaces such as spin-coated ZnO 
nanoparticles layer, due to the ease of nucleation, α𝑆𝑆  is not a controlling parameter 
for the growth mode. However, on smooth surfaces such as GaN epilayer, α𝑆𝑆 plays 
an important role on the nucleation process and determines which growth mode of 
ZnO nanostructures is active. 
 
Figure 3.7 SEM image of ZnO nanorods grown on Si at high α𝑆𝑆, (a) top view, (b) 
cross-section view; top view SEM image of ZnO nanorods grown on GaN at (c) high 




3.4.2 Mechanism of mound formation in aqueous solution 
Although the chemistry of solution growth of ZnO nanostructures has been well 
documented [67, 68], there is still a lack of fundamental understanding of the growth 
mechanism and the dependence of physical properties on the resulting morphologies. 
According to the classical Burton-Cabrera-Frank (BCF) theory, under low 
supersaturation, the crystals only grow when they contain screw dislocations. The 
spiral mounds formed from the screw dislocations exhibit conical shapes and 
ascending steps which converge to the spiral cores. Recently, screw dislocation driven 
spiral growth has been observed in various nanostructure growth systems including 
nanowires [69, 70], nanotubes [71] and nanoplates [72]. However, ‘wedding cakes’, 
which often develop at low temperature and high supersaturation [73-75] are highly 
reminiscent of spirals despite a completely different growth mechanism [76]. The 
formation of both spiral and wedding cake mounds could be general in the solution 
growth of semiconductor nanostructures and it is also important to determine which 
growth mode is indeed active. 
From the continuum point of view, the mound structures are formed due to the non-
uniform atomic flux. Although diffusion tends to smooth the surface, significant 
roughness still develops if the arriving flux is high relative to the diffusive flux. Such 
kinetic roughening usually occurs at low temperatures and high growth rates. In low 
temperature epitaxy of metal [73] and organic [77] films, effective interlayer mass 
transport is necessary for layer-by-layer growth. In an atomistic model, under certain 
growth conditions, the diffusing adatoms are observed to be reflected from 
descending step edges. This phenomenon is understood by the presence of an 
additional energy barrier preventing adatoms from diffusing down the step edges, 
known as the step edge barrier or Ehrlich-Schwoebel barrier (ESB) [78, 79]. When 
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interlayer mass transport is suppressed by ESB, adatoms do not incorporate layer-by-
layer but tend to nucleate a new ledge prior to the completion of existing steps. This 
process is known as two-dimensional (2D) nucleation and the structures developed 
are referred to as wedding cake mounds [73-75]. Occurring not only in metal-metal 
homoepitaxy and organic films, Yu et al. predicted that ZnO would form wedding 
cake mounds using phase field simulations with the nucleation kinetics adjusted to 
include ESB and ZnO surface polarity [80]. Nevertheless, to the best of our 
knowledge, there have not been any experimental reports on wedding cakes formation 
in ZnO nanostructures. On the other hand, Redinger et al. showed that both wedding 
cakes and spirals were formed in Pt (111) films that were seeded with screw 
dislocations with the presence of ESB [76]. Morin et al. proposed that ZnO nanowire 
growth on a GaN film can be driven by screw dislocations [70].  
In ZnO solution growth, mound formation is likely to be favoured due to the low 
growth temperature, ease of nucleation and presence of diffusion barriers induced by 
numerous chemical complexes. Since the nucleation of the adatoms are thermally 
activated and of a function of supersaturation. With the growth temperature kept 
constant at 90˚C and the pH of the solution kept at ≥ 10.5, the driving force of 
nucleation is proportional to supersaturation. As the supersaturation increases, the 
crystal growth is progressively dominated by dislocation growth, layer-by-layer 
growth and dendritic growth. Under sufficiently high supersaturation, 2-D nucleation 
driven wedding cakes growth can possibly coexist with or even dominate over screw 
dislocation driven spiral growth. Here, the initial Zn(Ac)2 concentration of  27 mM is 
treated to be constant for relatively short growth time (5-30 minutes), despite the fact 
that the concentration keeps decreasing during growth in a closed system. The pH of 
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the solution is adjusted to be ~10.5 by adding 0.4 M ammonia. The value of  𝑐𝑜 is 
estimated using an ionic equilibrium model [47], to be 𝑐𝑜 = 0.9 mM.  
 
Figure 3.8 (a) TEM image of ZnO nanorods with magnified top region indicating the 
presence of steps and flat top terraces with a red circle denoting the adatom. (b) ZnO 
mounds formed on GaN substrate by the solution method. (c) ZnO mounds formed on 
textured ZnO seed layer and Si substrate by the solution method indicating the 
coexistence of wedding cake mounds and spirals. (d) Mechanism of mound formation 
for ZnO nanorod growth. (e) Evolution of surface morphologies and step coverage for 
patterned nanorod growth. 
 
Figure 3.8a shows the TEM image of patterned ZnO nanorods (grown for 30 mins) 
scratched from the textured ZnO seedlayer and placed onto holey carbon grids. The 
magnified high resolution image of the top end of the nanorod showed structures 
consisting of descending steps with flat terraces which are characteristics of wedding 
cake mounds. In order to further verify the growth mode, we used ZnO nanorods 
grown on a GaN substrate as comparison. The GaN film was c-axis orientated and the 
thickness was 2~3 μm. The dislocation density decreases as the thickness of GaN film 




. The screw dislocation lines which contribute to the spiral growth are estimated 
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to be ~3 screw dislocations per 10 µm
2
 of surface. Nanorods with flat terraces rather 
than spiral cores on the top facets were observed in Figure 3.8b. The density of the 
nanorods was also higher than the density of screw and mixed type threading 
dislocations normally intersecting the GaN substrate surface. Moreover, the HRTEM 
images show neither an axial dislocation propagating along the rod nor a spiral core at 
the top end. The SEM images in Figure 3.8c show the ZnO mounds grown on a plain 
textured ZnO seed layer. The magnified images visualize the coexistence of wedding 
cake mounds (upper inset) and spirals (lower inset). With these evidences, we suggest 
that both wedding cake mounds driven by 2D nucleation and spirals driven by screw 
dislocation can initiate the growth process of ZnO nanostructures, whereas the 
mechanism of wedding cakes was usually overlooked in the literatures. Although 
rather qualitative, it is reasonable that the wedding cakes growth is favoured under 
high supersaturation and the spiral growth is dominant on surfaces of high screw 
dislocation lines density or low supersaturation. 
A unified atomistic model for the growth of ZnO nanorods is proposed and 
schematically illustrated in Figure 3.8d. Starting from the seed layer, wedding cake 
mounds are initiated by 2D nucleation. At the top terrace, the adatom either diffuses 
on the terrace overcoming the diffusion barrier (ED), or diffuses over the step edge 
with an extra energy of ESB (EES). Significant ESB suppresses interlayer mass 
transport and increases the density of adatoms on the top terrace. The nucleation rate 
is increased due to a higher probability of collisions between confined adatoms. Self-
perpetuating elimination of inverted polarity in ZnO [81] through an overall free 
energy minimization process, acting as an extra driving force, increases the nucleation 
rate and in turn makes the structures extrude further. Spirals are initiated at sites 
where screw dislocations intersect the substrate surface. The adatoms preferably 
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incorporate at the jog formed by a screw dislocation to minimize the number of 
dangling bonds, i.e. the surface energy. The incorporation of an adatom creates a new 
jog leading to a self-perpetuating process around the spiral core without the energy 
expenditure of ESB. Structures developed from spirals are often slightly taller with 
curved top surfaces compared to wedding cake mounds under identical growth 
conditions [76]. Behaviour of adatoms at the side of the mounds could be the same for 
both spirals and wedding cake mounds. For adatoms arriving at the ascending steps of 
spirals far away from the spiral core, their motions are restricted by ESB, the same as 
the scenario in wedding cake mounds. For both cases, large amounts of adatoms are 
confined by ESB at the step edges and the incorporation of adatoms at step kinks is 
energetically favoured. This leads to an increase of step coverage until the edge of the 
nanorod is reached, forming a smooth sidewall. For patterned samples, Figure 3.8e 
schematically illustrates the development of wedding cake mounds. The surface 
topography is reminiscent of the grain structures of the seed layer and persists during 
growth assuming no coalescence of the individual nanorod. The persistence may also 
be attributed to a hard barrier induced by grain boundaries from the polycrystalline 
seed layer [82]. On the ascending steps at the side of the mounds, increasing coverage 
of the upper ledges reduces the step spacing near the edge of the mounds, resulting in 
a smaller chance for adatoms to arrive on the vicinal terraces (see Figure 3.8e), 
forming deep trenches as a result [83]. After the top ends of nanorods grow above the 
top of the resist holes, the overall diameter increases and the tapering is observed in 
many nanorods, both are characteristic of a wedding cakes growth mode. The 
morphology changes may also be related to non-local effects, namely shadowing and 
steering [84]. Redistribution of incident flux is focused onto the top of the mounds for 
materials with high electronic polarizability [85]. It may significantly affect the 
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morphologies when the structures grow taller. Trajectory studies showed that growth 
near the bottom of the mounds approaches zero when the steepness becomes large due 
to the redistribution of the incident atoms away from the bottom of the mounds [82]. 
Adatoms are progressively attracted away from the deep trenches to the top of the 
mounds forming the brush-like nanorod structures shown in Figure 3.5d. 
3.5 Optical properties 
3.5.1 Effect of Post-growth annealing 
The optical properties of the nanorod arrays with and without post-growth thermal 
treatment were studied. Figure 3.9 shows the room temperature PL spectra of as 
grown and annealed samples of ZnO nanorod arrays. Suppression of deep level (DL) 
visible emission and pronounced enhancement of NBE UV emission were observed. 
The minimization of defects related DL emission suggests the improved crystallinity 
after annealing.  
The NBE emission is enhanced by 8 times by intentional activation and dissociation 
of hydrogen donors. The post-growth annealing condition is crucial to the activation 
process, with the best condition found to be 425 °C and 10
-4
 Torr vacuum. The 
proposed mechanism of the hydrogen donors is schematically illustrated in Figure 3.9. 
A large amount of hydrogen interstitials existing in solution grown ZnO nanorods 
moved into oxygen vacancy sites during annealing and led to efficient excitonic 
recombination [86, 87]. In a separate measurement, the NBE emission intensity of the 
annealed nanorods is about two orders-of-magnitude larger than that of the plain seed 
layer, as shown in Figure 3.9. The contribution of the seed layer to the optical 




Figure 3.9 Room temperature PL spectra of as grown (orange) and annealed (red) 
ZnO nanorod arrays. PL spectra of as grown (cyan) and annealed (blue) plain ZnO 
seed layer obtained under the same conditions. 
 
This mechanism is proved by identification of the I4 peak from the low temperature 
PL spectra and Raman spectra. Figure 3.10 shows the comparison of the as-grown 
sample and sample annealed at 425°C in a reducing ambient. The PL spectrum was 
taken at 11K. The NBE emission from the annealed sample is centered at 3.364 eV, 
which is known as I4. The I4 line is attributed to radiative recombination associated 
with hydrogen donor bound excitons, as stated in Chapter 2. Although the emission 
from the bound exciton is substantially weakened at elevated temperatures and free 
exciton emission prevails at room temperature, hydrogen donor is still believed to 
play an important role in NBE emission even at elevated temperature. Figure 3.11 
shows the comparison of Raman shift spectra (excitation line 514 nm) of as-grown 
ZnO nanorods and that of annealed samples. The impurity induced silent modes, 




Figure 3.10 PL spectra of as grown and annealed ZnO nanorods. 
 
 




3.5.2 Dependence of NBE on the growth mode 
 
Figure 3.12 Comparison of room temperature PL of ordered ZnO nanorods grown on 
textured ZnO seedlayer/Si, ZnO nanorods grown on GaN epilayer/sapphire and single 
crystal GaN film. 
 
The dependence of the optical properties of the growth modes and morphology of the 
nanorods is studied. Figure 3.12 shows the spectra of NBE emissions of ZnO 
nanorods grown on textured ZnO seedlayer/Si and ZnO nanorods grown on GaN 
epilayer/sapphire, with the single crystal GaN film as the reference. The ZnO 
nanorods for both samples are of similar length and diameter and vertically aligned 
with c-axis out-of-plane orientation. Both of them were annealed simultaneously at 
425 °C and 10
-4
 Torr vacuum to create oxygen vacancies for efficient recombination. 
The NBE emission from ZnO nanorods grown on GaN substrate is ~7 times stronger 
than that from ZnO grown on Si substrate and the former is comparable to that from 
GaN single crystal film. The difference in NBE emission is consistent with the 
difference in growth modes. ZnO nanorods on GaN epilayer mostly consist of 
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wedding cakes mounds which have few screw dislocations at the centre along the 
longitudinal direction. Thus there is less chance for non-radiative recombination to 
happen. For ZnO nanorods grown on textured ZnO seedlayer/Si, since the textured 
seedlayer has numerous screw dislocations and grain boundaries. The nanorods are 
supposed to a mixture of wedding cakes and spiral mounds even at high 
supersaturation. The dislocations that initiate the nanorod growth and propagate along 
the length of the rod act as nonradioactive recombination centres and significantly 
reduce the NBE emission. 
3.6 Lasing behaviour 
The nonlinear optical properties of ZnO nanorod arrays on Si substrate were further 
studied. Efficient guiding has been reported for ZnO nanostructures with diameters 
smaller than the wavelength of the guided light [58, 88]. With smooth facets at the top 
and bottom acting as reflectors, each nanorod could behave as a Fabry-Perot-like 
waveguide cavity [89], and the smooth top surface of the wedding cake mounds is 
presumed to be superior to the curved top surface of the spirals. For solution grown 
ZnO nanorod arrays with intentionally activated hydrogen donors, strong light-matter 
interaction are anticipated. Figure 3.13a shows the room temperature luminescence 
from ZnO nanorod arrays excited with high power optical pulses. At low pump 
fluence (Pex), a broad emission peak extended far below the bandgap of ZnO. It was 
resolved into four Lorentzian sub-peaks indicted by green dashed lines. The intensity 
of the highest sub-peak at λ ≈ 405.8 nm increased linearly with Pex, as shown in 
Figure 3.13b (blue dots). The luminescence is probably from the lower polariton 
branch (LPB) [88, 90], and the strong light-matter coupling is not bleached by high 
Pex probably due to smaller carrier density near the edge of the excitation spot [91]. 
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As Pex increased to a threshold value (Pex ≈ 460 μJ/cm
2), additional sharp peaks at λ ≈ 
394 nm emerged and the intensity increased superlinearly with increasing Pex, as 
shown in Figure 3.13b (red dots). The output intensity tended towards linear increase 
with excitation intensity for Pex exceeded ~ 600 μJ/cm
2
. The intensity of the resulting 
peak was orders-of-magnitude higher than the spontaneous emission background and 
the dependence of output and excitation intensity exhibited a superlinear to a linear 
relationship [92]. These are characteristics of stimulated emission. The linewidth was 
significantly larger than the reported values for single nanowires [92], which is 
believed to be a result of nanorod arrays forming multiple Fabry-Perot-like cavities. 
Superposition of peaks from different cavities for the same longitudinal mode resulted 
in a spectrally broadened peak [93]. The longitudinal Fabry-Perot waveguide mode 
spacing is by the expression [92]: 












where L ≈ 780 nm is the cavity length, n = 2.33 is the refractive index at wavelength λ 
= 394 nm and dn/dλ = -0.015 nm-1 is the chromatic dispersion. The mode spacing was 
calculated to be ∆λ ≈ 12 nm. In addition to the peak at λ ≈ 394 nm, another waveguide 
mode should have been located at λ ≈ 382 nm. The reason of its absence is that the 
pronounced subwavelength guiding is mediated mostly through exciton-photon 
coupling which results in very weak luminescence from the band edge and upper 
polariton branch [88]. Moreover, upon increasing Pex, a blue-shift of the LPB 
emission is observed in Figure 3.13a, which is due to significant screening under 
higher excitation power [58, 88]. The red-shift of the lasing mode with increasing 
excitation power (see Figure 3.13a) is attributed to band-gap renormalization (BGR) 
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and/or the increase of refractive index of ZnO caused by heat generated at higher 
excitation powers [58]. 
 
Figure 3.13 (a) PL spectra of annealed ZnO nanorod arrays obtained under optical 
pumping at room temperature, with peaks at λ = 394 nm and λ = 405.8 nm 
corresponding to the lasing and LPB emissions respectively. (a) PL intensity of lasing 
(red) and LPB (blue) emissions versus pump fluence. The colours of the bars above 
each point correspond to the colours of the curves shown in (a). The inset 
schematically shows a possible way that the nanorod arrays act as coupled Fabry-
Perot waveguide cavities. 
 
 
3.7 Control of terrace morphology and optical property 
using different seedlayers 
In the previous sections, we mainly discussed the co-existence of wedding cakes and 
spirals in the solution grown ZnO nanorods on textured seedlayer. In order to 
demonstrate the control of terrace morphologies and optical properties, we compared 
ZnO nanorods on the textured seedlayers that are prepared by PLD and RF sputtering 
respectively. 
The seedlayer prepared by sputtering presumably contain more defects and 
dislocations than the seedlayer prepared by PLD, by comparing the AFM images of 
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the seedlayers, as shown in Figure 3.14. The RMS roughness is 1.132 nm for PLD 
seedlayer and 2.651 nm for sputtered seedlayer.  
 
Figure 3.14 AFM topography of ZnO textured seedlayer prepared by (a) PLD and (b) 
Sputtering. 
 
Patterned ZnO nanorods were grown on the two types of seedlayer using identical 
nanoimprint process and solution growth conditions. The XRD θ-2θ scans near the 
(002) reflection of ZnO nanorods on the two seedlayers are shown in Figure 3.15. The 
linewidth of the (002) reflection of sputtered seedlayer is slightly larger than that of 
PLD seedlayer, indicating poor crystal quality. The ZnO nanorods on sputtered 
seedlayer exhibit parasitic peaks near ZnO (100) and (101) reflections. The two peaks 
are possibly due to either no non-uniformly c-axis orientated nanorods or other 




Figure 3.15 XRD θ-2θ scans near the (0002) reflection of ZnO nanorods on (a) PLD 
seedlayer and (b) Sputtered seedlayer. 
 
 
Figure 3.16 SEM top view and cross-section view of ZnO nanorods grown on (a) 




The comparison of nanorods morphologies are shown in Figure 3.16. The height of 
the two types of nanorods is similar, around 700-780 nm. However, the morphologies 
of the top of the nanorods are very different. ZnO nanorods on PLD seedlayer show 
flat and faceted terraces, whereas nanorods on sputtered seedlayer exhibit rounded 
terraces. Such morphology difference can be explained by the mechanism of the 
coexistence of wedding cakes and spirals mounds. Rather qualitatively, the poorer 
quality sputtered seedlayer is expected to result in more screw dislocation intersecting 
the surface. The high density screw dislocation in turn results in dominant spiral 
growth of the nanorods. Figure 3.17 shows the cross-section TEM images of the 
nanorods on sputtered seedlayer. A rough interface is observed in Figure 3.17c, 
consistent with the AFM results in Figure 3.14. The rounded terrace is visualized in 
Figure 3.17d, implying dominant spiral growth [76]. The TEM images of the smooth 
interface and flat terrace with step edges for ZnO nanorods on PLD seedlayer are 
previously shown in Figure 3.6 and Figure 3.8 respectively, indicating wedding cakes 
dominated growth mode. 
 
Figure 3.17 (a) TEM cross-section view image of ZnO nanorods on sputtered seed 
layer and Si substrate, (b) bottom of a nanorod, (c) rough interface between the 




Figure 3.18 Comparison of room temperature PL spectra of the as grown and 
annealed ZnO nanorods. 
 
The comparison of the optical properties of nanorods on PLD and sputtered 
seedlayers is shown in Figure 3.18. ZnO nanorods on PLD seedlayer exhibit higher 
NBE emission and lower deep level defect emission. After annealing at 425 ˚C in 
vacuum, it is noted that the increase of NBE emission for nanorods on sputtered 
seedlayer (~10 times) is larger than that of PLD seedlayer (~5 times). It suggests there 
are more defects and dislocations that act as non-radiative recombination centers in 
the nanorods grown on sputtered seedlayer, which is consistent with the dominant 
spiral growth induced by the screw dislocation. No lasing behaviors were observed in 
the nanorods on sputtered seedlayer. It is probably due to the rounded and non-faceted 




A low cost and large-scale growth method for highly ordered ZnO nanorod arrays on 
Si was demonstrated. An atomistic model of mound formation was proposed to 
explain the observed features at the top of the ZnO nanorod growth in aqueous 
solution. Strong NBE luminescence was achieved by a novel post-growth annealing 
process that activates Hydrogen donor bound excitons. Lasing behaviour was 
observed from the well-ordered and faceted nanorods. The control of terrace 
morphologies and optical properties were demonstrated by comparing ZnO nanorods 
grown on two seedlayers that were deposited by PLD and RF sputtering respectively.  
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4 ZnO/STO and ZnO/STF lateral films 
In this chapter, we focus on the growth of lateral films of ZnO/STF and ZnO/STO in 
(100) and (110) orientations. The understanding on the lateral epitaxial relation is a 
prerequisite for three-dimension epitaxy of ZnO/STF nanocomposite. The monolithic 
integration of ZnO on Si substrate was demonstrated to be possible via STO and STF 
perovskites and buffer layers. The structural, electronic band alignment and low-
temperature optical properties were studied for ZnO/STO and ZnO/STF 
heterostructures. C. H. Jia et al. reported the valence band offset (VBO) of ZnO/STO 
(111) film grown by MOCVD to be 0.62 eV [94]. However, the different ZnO 
orientation and epitaxial strain on STO (100) substrate may induce piezo-electric field 
which shifts the position of ZnO XPS CLs position and alters the band offset. In this 
chapter, we report the results of VBO of ZnO/STO (100) and ZnO/STF36 (100) single 
epitaxial film grown by PLD. Application wise, Wu Y. et. al. reported that ZnO/Nb-
doped STO n-n type heterojunction shows diode-like current behavior [95]. Our 
results suggest a possible path for ZnO/STO and ZnO/STF systems towards 
optoelectronic device such as p-STO/n-ZnO LED and electronic device such as 
STF/ZnO FET with tunable barrier height. 
4.1 Growth and morphologies 
ZnO thin films were grown on STF (x = 0.34 and 0.36) films and STO (100), (110) 
substrates using PLD.  The STF films are grown on Si (100) substrates with buffer 
layers of Yttria-stabilized zirconia (YSZ) and CeO2. The STF34 and STF36 films (Fe 
contents of 34% and 36% respectively) were subsequently grown on top of the single-





 torr, substrate temperature of 600 °C and pulse energy of 200 mJ. The 
thickness of STF layer is around 200 nm. The STF36 film is single epitaxial, i.e. a 
single crystal (100) film. The STF34 film is double epitaxial. Its microstructure 
exhibits self-assembled (110) pillars in a (100) matrix, as shown in Figure 4.1. Both 
of the (100) and (110)-oriented crystals grow epitaxially with respect to the Si 
substrate and therefore homoepitaxial with each other [96]. The growth of ZnO films 
on top of STF films and STO substrates are of the same conditions: O2 partial 
pressure of 5×10
-4
 Torr, substrate temperature of 600 °C and pulse energy of 120 mJ. 
The thickness of ZnO layer is around 300 nm. The depositions of ZnO films on 
different substrates were carried out simultaneously to keep identical growth 
conditions. 
 
Figure 4.1 (a) Low-magnification TEM cross-sectional image of a double-epitaxial 
STF film on CeO2/YSZ/Si (b) High-magnification cross-sectional image of STF (100) 
and (110) interfaces, the fast Fourier transform (FFT) patterns taken from (100), (110) 
oriented regions and (100)/(110) interface are shown in the insets (c) High-






Figure 4.2 AFM image of (a) ZnO film on STO (100) substrate, (b) ZnO film on STO 
(110) substrate, (c) STF34 (100) and (110) double epitaxial film, (d) STF36 (100) 





The surface morphologies of ZnO films grown on STO (100) and (110) substrates are 
shown in Figure 4.2a and Figure 4.2b, respectively. The ZnO/STO (100) is 
significantly rougher than ZnO/STO (110), suggesting a smaller energy barrier of 
ZnO adatoms traveling on the STF (110) surface. The surface morphologies of double 
epitaxial STF34 and single epitaxial STF36 films are shown in Figure 4.2c and Figure 
4.2d, respectively. For the double epitaxial STF34 film, the STF phase initially 
exhibits a (100) orientation on the CeO2/YSZ/Si substrate. The (110) pillars were 
formed subsequently to reduce the compressive strain in the film. Qualitatively, the 
higher temperature and Fe contents can lead to single epitaxial STF (100) growth on 
the CeO2 surface [96, 97]. Figure 4.2e and Figure 4.2f show the typical surface 
morphologies of the final ZnO/STF34/CeO2/YSZ/Si and ZnO/STF36/CeO2/YSZ/Si 
films, respectively. All the samples show uniform surface morphologies for different 
positions on the substrates of 1 cm × 1 cm in area. 
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4.2 Structural properties 
 
Figure 4.3 XRD θ-2θ spectra of ZnO/STO and ZnO/STF lateral films. 
 
The out-of-plane orientations were studied by the XRD θ-2θ scans. In Figure 4.3a, 
ZnO/STO (100) film shows reflections of both c-ZnO phase (ZnO (002) ‖ STO (100)) 
and a-ZnO phase (ZnO (110) ‖ STO (100)). For ZnO/STO (110) film, only c-ZnO 
phase (ZnO (002) ‖ STO (110)) is present, as shown in Figure 4.3b.  
In Figure 4.3c, single phase STF (100) with both c-ZnO phase (ZnO (002) ‖ STF 
(100)) and a-ZnO phase (ZnO (110) ‖ STF (100)) are present in the ZnO/STF36 
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(single epitaxial) heterostructure. For ZnO/STF34 (double epitaxial) heterostructure, 
as shown in Figure 4.3d, STF (100) and (110) reflections, both c-ZnO reflection (ZnO 
(002) ‖ STF (100), ZnO (110) ‖ STF (100)) and a-ZnO reflection (ZnO (110) ‖ STF 
(100)) appear. No parasitic phases are observed indicating good crystal quality. 
 
Figure 4.4 XRD phi scans of (a) ZnO (101) and STO (112) reflections for c-ZnO 
phase on STO (100) substrate, (b) ZnO (101) and STO (112) reflections for c-ZnO 




The in-plane orientations were investigated by XRD phi scan. Figure 4.4a shows the 
phi scans of ZnO (101) and STO (112) reflections for c-ZnO phase on STO (100) 
substrate (ZnO (002) ‖ STF (100)), exhibiting 12 peaks with an azimuthal interval of 
30˚. The peaks are believed to originate from the 6-fold (101) family, with two sets of 
epitaxial orientations rotated by 30˚ (or 90˚) against each other [98, 99]. The 
corresponding in-plane lattice matching is schematically shown in Figure 4.4a, with 
ZnO [112̅0] ‖ STO [110] and ZnO [1̅21̅0] ‖ STO [1̅10].  
Figure 4.4b shows the phi scan of ZnO (101) and STO (112) reflections for c-ZnO 
phase on STO (110) substrate (ZnO (002) ‖ STF (110)). ZnO phase exhibits 6 peaks 
with an azimuthal interval of 60˚, indicating a single domain ZnO [100, 101]. The 
corresponding in-plane lattice matching is schematically shown in Figure 4.4b, with 
ZnO [101̅0] ‖ STO [100] and ZnO [112̅0] ‖ STO [110]. The lattice mismatch of 
ZnO/STO (100) and ZnO/STO (110) films are summaries in Table 4.1. 
For the a-ZnO/STF36 (single epitaxial) heterostructure (ZnO (110) ‖ STF (100)), the 
phi scans of ZnO (101) reflection show 4 pairs of peaks from the four planes of the 
(101̅1) planes with an azimuthal interval of 90˚, as shown in Figure 4.4c. Each pair 
consists of 2 peaks with a split of 4˚. The split can be explained by the calculations of 
that the phi-angle between ZnO (101̅1) planes alternates between values of 86˚ and 
94˚ [98]. The in-plane lattice matching is therefore indicated by the schematics in 
Figure 4.4c, with ZnO [112̅0] ‖ STF36 [110] and ZnO [0002] ‖ STF36 [1̅10]. The in 
plane orientation of a-ZnO/STF heterostructure is similar as that of ZnO/STF 
nanocomposite on SrTiO3 (100). More detailed lattice and strain analysis can be 
found in Chapter 5. 
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Table 4.1 Lattice parameters of ZnO/STO (100) and ZnO/STO (110) films 
 Out-of-plane orientation In-plane lattice mismatch 
ZnO/STO 
(100) 
ZnO (002) ‖ STF (100) √3𝑎𝑍𝑛𝑂 − √2𝑎𝑆𝑇𝑂
√2𝑎𝑆𝑇𝑂
≈ 2% 
ZnO (110) ‖ STF (100) 𝑐𝑍𝑛𝑂−√2𝑎𝑆𝑇𝑂
√2𝑎𝑆𝑇𝑂







ZnO (002) ‖ STF (110) 𝑎𝑍𝑛𝑂−𝑎𝑆𝑇𝑂
𝑎𝑆𝑇𝑂






4.3 Optical properties 
 
Figure 4.5 Room temperature PL of ZnO/STO (100), ZnO/STO (110), ZnO/single 
epitaxial STF36 (100), ZnO/double epitaxial STF34 (100) (110) films. 
 
The PL of ZnO/STO and ZnO/STF films are compared to investigate the crystal 
quality and defects level. Figure 4.5 shows the PL spectra of NBE of ZnO/STO (100), 
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ZnO/STO (110), ZnO/single epitaxial STF36 (100), ZnO/STF34 (100) (110) films. 
ZnO/STO (100) and ZnO/single epitaxial STF36 (100) films show similar NBE 
emission and deep-level defects visible emission, suggesting a similar epitaxial 
growth and defects level. Emission induced by Fe impurities is not observed, 
indicating the Fe ions diffusion through the ZnO/STF interface to be unlikely. ZnO on 
STO (110) exhibits much lower NBE emission and higher defects emission despite 
only one preferential orientation (002) is present in this sample. It is consistent with 
the larger lattice mismatch of c-ZnO on STO (110). ZnO on STF (110) pillars in a 
(100) matrix shows similar NBE emission and slightly higher defects emission.  
 
Figure 4.6 PL spectra of ZnO/STO (100) and ZnO/STO (110) films (a) at 17 K and (b) 
at room temperature. 
 
The optical properties of ZnO/STO (100) and ZnO/STO (110) films are studied in 
detail using temperature dependent PL. The PL spectra obtained at 17 K are shown in 
Figure 4.6a. Generally, the luminescence can be divided into two bands: one is an 
ultraviolet (UV) band originating from the near-band-edge emission (NBE), and the 
other is a wide visible band originating from the deep level defects emission. The 
visible emission often lies on the green light range (2.2-2.5 eV), therefore is refer to as 
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green luminescence (GL). The ZnO/STO (100) film exhibit higher NBE and lower 
GL than that of ZnO/STO (110) film. Larger lattice mismatch in ZnO/STO (110) film 
creates more deep level defects which act as recombination centers for GL and in turn 
result in less radiative transition near the band edge. Figure 4.6b shows the PL spectra 
at 300 K. The NBEs are thermally broadened and red-shifted. It is interesting to note 
that, the NBE peaks of the two films coincide at 300 K (see the inset of Figure 4.6b) 
whereas there is a slight energy difference for the NBE peak of ZnO/STO (100) 
(3.353 eV) and ZnO/STO (110) (3.357 eV) at 17 K (see the insets of Figure 4.6a). The 
reason is further investigated in temperature dependent PL. 
 
Figure 4.7 Temperature dependent PL of (a) ZnO/STO (100), and (b) ZnO/STO (110). 
 
Figure 4.7a and Figure 4.7b show the temperature dependent PL spectra of the NBE 
of ZnO/STO (100) and ZnO/STO (110), respectively. Both films exhibit three main 
NBE peaks, namely bound exciton (BX), free exciton (FX) and LO phonon replica 
(1LO). The BX peaks have highest intensity at low temperatures. The BX line of 
ZnO/STO (100) can be identified as I10 (3.353 eV) whereas that of ZnO/STO (110) 
lies on I9 (3.357 eV) [3]. Currently, the assignment of the BX lines remains 
controversial. The I9 and I10 lines have been reported to be neutral donor bound 
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excitons and the I9 line is probably related to In impurities introduced during the 
growth or annealing process [3]. The FX lines of both films lies on ~ 3.376 eV and 
become dominate at ~175 K. The emission lines at lower energy of ~ 3.28 eV are 
identified as the LO phonon replica. The bound exciton phonon replicas dominate at 
low temperatures and the free exciton phonon replicas dominate at higher 
temperatures [102], although the transition point is not observable in this PL spectra. 
The energy difference between 1LO and BX lines is close to the ZnO LO phonon 
energy of 72 meV. The 1LO peaks are thermally broadened with increasing 
temperature and evolve into featureless PL curve at ~125 K for ZnO/STO (100) film 
and ~100 K for ZnO/STO (110) film. At T = 250 K, the intensity of 1LO and FX 
become comparable, indicating LO phonon-exciton coupling is very efficient in the 
highly polar ZnO [102]. At room temperature, the PL of both films is dominated by 
both FX phonon replica and free exciton recombination. The maximum of NBE is 
close to the 1LO energy. This explains that the maximum of NBE of ZnO/STO (100) 
and ZnO/STO (110) films become identical at room temperature (inset of Figure 4.6b). 
The position shift of BX peaks at low temperature (inset of Figure 4.6a) is believed to 
be dominated by the epitaxial strain [103] due to the different lattice mismatch for 
ZnO/STO (100) and ZnO/STO (110), rather than the different types of impurities.  
4.3 Energy band alignment 
The understanding of electronic band alignment of ZnO/STO and ZnO/STF interfaces 
is an important prerequisite for functional devices, such as optoelectronic devices and 
heterostructure field effect transistors. For ZnO/STF heterostructures, the Fe contents 
in are directly related to the bandgap of STF and can be used to fabricate 
heterojunctions with tunable band offset or effective barrier height.  
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Three samples were used to study the band alignment of ZnO/STO (100) 
heterostructure: 
1. thick ZnO film of ~300 nm on STO (100) substrate (denoted as ZnO) 
2. thin ZnO layer of ~5 nm on STO (100) substrate (denoted as ZnO/STO) 
3. bare STO substrate (denoted as STO) 
Similarly, three samples were used for ZnO/STF (100) single epitaxial heterostructure: 
1. thick ZnO film of ~300 nm on STF36/CeO2/YSZ/Si (denoted as ZnO) 
2. thin ZnO layer of ~5 nm on STF36/CeO2/YSZ/Si (denoted as ZnO/STF) 




4.3.1 ZnO/STO band alignment 
 
Figure 4.8 XPS spectra of ZnO/STO (100) heterojunction: (a) valence band maximum 
and (b) Zn 2p CL of ZnO, (c) Ti 2p and (d) Zn 2p CLs of ZnO/STO, (e) valence band 
maximum and (f) Ti 2p CL of STO. 
 
The XPS Zn 2p and Ti 2p CL and valence band spectra of ZnO/STO (100) 
heterojunction (HJ) are shown in Figure 4.8. The CL spectra were fitted to a Voigt 
(mixed Lorentz-Gaussian) line and a Shirley background. The valence band 
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maximum (VBM) was determined by linear extrapolation of the leading edge of the 
valence band spectra [94].  The VBO can be calculated as [104]: 
𝐸𝑉
𝑍𝑛𝑂−𝑆𝑇𝑂 = (𝐸𝑍𝑛2𝑝 − 𝐸𝑉𝐵𝑀)𝑍𝑛𝑂 + (𝐸𝑇𝑖2𝑝 − 𝐸𝑍𝑛2𝑝)𝐻𝐽 − (𝐸𝑇𝑖2𝑝 − 𝐸𝑉𝐵𝑀)𝑆𝑇𝑂 
= (1020.91 − 2.37)𝑍𝑛𝑂 + (457.72 − 1021.07)𝐻𝐽 − (457.95 − 1.92)𝑆𝑇𝑂 
= 1018.54 − 563.35 − 456.03 = −0.84 𝑒𝑉 
 
Figure 4.9 Schematic band alignment of ZnO/STO (100) heterojunction. 
 
The band alignment of ZnO/STO (100) heterojunction is shown in Figure 4.9. 
Knowing the bandgap energy of ZnO (3.37 eV) and STO (3.2 eV) at room 









4.3.2 ZnO/STF band alignment 
 
Figure 4.10 XPS spectra of ZnO/STF36 (100) heterojunction: (a) valence band 
maximum and (b) Zn 2p CL of ZnO, (c) Ti 2p and (d) Zn 2p CLs of ZnO/STF, (e) 
valence band maximum and (f) Ti 2p CL of STF. 
 
Figure 4.10 shows the XPS Zn 2p and Ti 2p CL and valence band spectra of 





 appear in Figure 4.10c. This peak can be attributed to the formation of 
TiOx at the interface [94].  
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The VBO is calculated as: 
𝐸𝑉
𝑍𝑛𝑂−𝑆𝑇𝐹 = (𝐸𝑍𝑛2𝑝 − 𝐸𝑉𝐵𝑀)𝑍𝑛𝑂 + (𝐸𝑇𝑖2𝑝 − 𝐸𝑍𝑛2𝑝)𝐻𝐽 − (𝐸𝑇𝑖2𝑝 − 𝐸𝑉𝐵𝑀)𝑆𝑇𝐹 
= (1021.05 − 2.34)𝑍𝑛𝑂 + (456.61 − 1020.71)𝐻𝐽 − (457.55 − 0.84)𝑆𝑇𝑂 
= 1018.71 − 564.1 − 456.71 = −2.1 𝑒𝑉 
To determine the band gap energy of STF36, we carried out direct comparison of 
valence band spectra of bare STO and STF. Both Sr 3d and Ti 2p CLs are taken as the 
reference, as shown in Figure 4.11a and Figure 4.11b. It is observed that the valence 
band of STF36 is broader than that of STO and the VBM of STF36 extends closer to 
the conduction band edge by approximately 0.44 eV (Figure 4.11a) and 0.82 eV (see 
Figure 4.11b) which corresponds to the reduction in the bandgap energy (∆𝐸𝑔
𝑆𝑇𝐹36) 
from 36% Fe substitution of Ti. 
The band gap energy of STF36 determined by the VB edge respect to Sr and Ti core 
levels is therefore:  
𝐸𝑔





Figure 4.11 XPS spectra of valence band of STF36 and STO, with the reference of (a) 
Sr 3d CL and (b) Ti 2p CL. 
 
This bandgap energy is verified by a STF bandgap parabolic law, which is similar to 
that of the III-V semiconductor alloys with a parabolic term (bowing parameter) 




𝑆𝑇𝐹36 = 3.2 − 1.9𝑥 + 0.5𝑥2 = 3.2 − 0.684 + 0.065 = 2.453 𝑒𝑉 
where x is the Fe content and x = 0.36 for STF36. This value is close to our result of 
𝐸𝑔
𝑆𝑇𝐹36 = 2.57 𝑒𝑉 . This result also suggests that the STF bandgap parabolic law, 
which was derived based on experiments of STF powders, is also applicable to thin 
film crystals. The systematic decrease in bandgap of STF with increasing Fe contents 
is explained by the broadening of the Fe 3d band lying above the O 2p valence band, 
as shown in Figure 4.12.  
 
Figure 4.12 Schematic energy band diagram of STF near the band gap [16]. 
 





𝑆𝑇𝐹36 = 3.37 − 2.1 − 2.57 = −1.3 𝑒𝑉 
The band alignment of ZnO/STF36 (100) heterojunction is shown in Figure 4.13. The 
substitution of Ti with Fe leads to different band gap and in turn the barrier height of 
ZnO/STF heterojunction. By tuning barrier height with Fe contents, it holds promises 




Figure 4.13 Schematic band alignment of ZnO/STF36 (100) heterojunction. 
 
4.4 Summary 
The epitaxial growth of ZnO films on STO (100), STO (110), single epitaxial STF36 
(100) and double epitaxial STF34 (100) (110) was demonstrated. The epitaxial 
relations of the heterostructures were studied using XRD θ-2θ scans and phi scans. 
Optical properties including temperature dependent PL were studied for ZnO grown 
on different types of surfaces. The band alignment of ZnO/STO (100) and 
ZnO/STF36 (100) heterojunctions was studied. For ZnO/STO (100), VBO = -0.84 eV 
and CBO = -0.67 eV. For ZnO/STF (100), VBO = -2.1 eV and CBO = -1.3 eV, band 
gap energy of STF36 = 2.57 eV. Both ZnO/STO (100) and ZnO/STF36 (100) align as 
a type II heterojunction.  
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5 SrFe0.13Ti0.87O3/ZnO vertical nanocomposites 
In this Chapter, we demonstrate a new vertical nanocomposites system based on the 
magnetostrictive perovskite phase SrFe0.13Ti0.87O3 (STF, x = 0.13) and the 
luminescent wurtzite phase ZnO. In Chapter 4, ZnO lateral films have grown 
epitaxially on STF (100) and (110) surfaces. Thus it is possible that STF and ZnO will 
grow epitaxially in three dimensions and form vertical nanocomposites by self-
assembly. Moreover, such structure is promising to realize the coupling between 
magnetic and optical order parameters. ZnO is an important photonic material with a 
direct bandgap and a large exciton binding energy making it ideal for room 
temperature nanolasers [15]. It has been reported that the energies of photon emission 
from ZnO nanostructures are dependent to mechanical deformation [103, 105-108]. 
For the vertical nanocomposites thin film, elastic strain coupling of the two phases is 
expected to induce strain along the vertical interface. The STF/ZnO vertical 
nanocomposite structure may pave a way towards the coupling of photonics and 
magnetism via strain transfer. 
5.1 Nanocomposite film grown by combinatorial method 
Self-assembled STF13/ZnO nanocomposites were deposited on STO (100) substrate 
by PLD. Pure STF, pure ZnO and STF/ZnO nanocomposites were grown on single-
crystal (100) SrTiO3 substrate at 650˚C in 3×10
-6
 torr vacuum. The pulses fluence was 
~2.6 Jcm
-2
 with the repetition rates of 2-10 Hz. The target to substrate distance was 8 
cm. The thickness of the nanocomposites ranges from 150-200 nm. We used a 
composition-flexible combinatorial method [109] in which alternating STF and ZnO 
targets were successively ablated (see Figure 5.1). The number of shots was 
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calculated to form “layers” that are less than one-lattice-parameter thick to avoid 
forming continuous lateral layers.  
 
Figure 5.1 Schematics of self-assembled growth of STF/ZnO nanocomposite by 
ablating alternating ZnO and STF targets using pulsed laser deposition. 
 
 
The composition control was achieved by the composition gradient along the sample 
holder, as stated in Chapter 2. The composition of the films was measured using 
wavelength dispersive x-ray spectroscopy (WDS). The volume fraction 0.13≤ x ≤ 
0.85 was achieved for the nanocomposites (STF)x/(ZnO)1-x. Figure 5.2 shows the 
XRD θ-2θ scans of (STF)x/(ZnO)1-x nanocomposites. The relative intensity of STF 
(002) and ZnO (110) reflections is consistent with the relative composition of the two 
phases. The ZnO rich sample (x = 0.13) shows a ZnO (002) minor reflection. It is 
understood that the lateral epitaxy between ZnO and SrTiO3 substrate, which tends to 
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show coexistent ZnO (002) and (110) reflections, starts to dominate the growth. In the 
rest of this chapter, all the samples are of ~50:50 compositions (x ≈ 0.5), except for 
the TEM characterization, an STF rich sample is used to conveniently distinguish the 
two phases. 
 









5.2 Out-of-plane orientation 
 
Figure 5.3 XRD θ-2θ patterns of STF/ZnO nanocomposite. 
 
The out of plane orientation of STF/ZnO nanocomposites is shown in Figure 5.3. In 
addition to SrTiO3 substrate peaks, only STF (002) and ZnO (110) reflections are 
observed, indicating good phase separation. The magnified spectra near STF (002) 
peak are shown in the inset of Figure 5.3 It should be noted that the bulk STF lattice 





. Whereas in Oxygen-deficient deposition conditions, the lattice 
parameters of STF thin film and nanocomposites are larger than that of SrTiO3 
substrate, because of the conversion of Ti
4+





comparing the XRD θ-2θ spectra of pure ZnO, pure STF and STF/ZnO composites 
(see Figure 5.4a), some commonly formed parasitic phases, namely Fe2O3 and 
ZnFe2O4, are not observed. Although ZnO (110) reflection overlaps with the parasitic 
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peaks, the composites show nearly identical ZnO (110) peak shape as the pure ZnO 
film (see Figure 5.4b), indicating good quality of ZnO phase and minimal amount of 
parasitic phases. 
 
Figure 5.4 (a) XRD θ-2θ scan of pure ZnO film, pure STF film and STF/ZnO 
nanocomposite on (100) STO substrate. (b) comparison of ZnO (110) peaks of pure 




5.3 In-plane orientation and strain state 
The in-plane orientations, lattice parameters, and the epitaxial strain states of 
STF/ZnO nanocomposites were studied using X-ray reciprocal space mapping (RSM). 
 
Figure 5.5 RSM (a) asymmetric scan of STF phase in STF/ZnO nanocomposites 
about STO (103), (b) asymmetric scan of STF phase in pure STF film about STO 
(103). 
 
From the asymmetric scan of the STF phase in nanocomposites about SrTiO3 (103) in 
Figure 5.5a, the out-of-plane and in-plane lattice parameters are calculated to be 3.937 
Å and 3.898 Å, indicating STF is under tetragonal strain with in-plane compression 
and out-of-plane tension.  The in-plane lattice parameter is smaller than that of SrTiO3 
substrate (3.905 Å). This is probably attributed to the vertical STF/ZnO epitaxy which 
applies additional out-of-plane tension to STF phase. Comparing to the RSM of pure 
STF film in Figure 5.5b, the spot shape of the STF (103) of the composites indicates 
some mosaic spread which is caused by the columnar structure of the composites. The 
unit cell volume of STF phase in nanocomposites is calculated to be 59.820 Å
3
, closed 
to that of pure STF (59.944 Å
3




Figure 5.6 RSM (a) asymmetric scan of ZnO phase in STF/ZnO nanocomposites 
about STO (114), (b) asymmetric scan of ZnO phase in pure ZnO film about STO 
(114). 
 
Figure 5.6a shows the asymmetric scan of ZnO phase in nanocomposites about STO 
(103) and ZnO (112), (200) reflections. ZnO phase forms two possible in-plane 
orientations with a difference of 90° in-plane rotation. The corresponding in-plane 
lattice parameters are c = 5.351 Å and √3a = 5.547 Å. The three-dimensional lattice 
orientations of the composites can be derived as: out-of-plane ZnO (110) || SrTiO3 
(001), in plane ZnO [001] || SrTiO3 [110] and ZnO [1̅10] || SrTiO3 [110]. The unit cell 
volume of ZnO phase in nanocomposites is calculated to be 48.352 Å
3
, very close to 
that of pure ZnO film (48.320 Å
3
), derived from Figure 5.6b. We evaluated the 




 in ZnO was 
reported to very small, ranging from 0.05-0.5 at.% for Fe
3+
 [110], due to the 
heterovalence of the Fe ions in the ZnO host lattice. The solubility of Fe
2+
 in ZnO was 
observed to be much higher, ranging from 16 at.% at 900 ˚C to 26 at.% at 1200 ˚C. 
Since the ion radius of fourfold coordinated Fe
2+
 is 0.77 Å and that of Zn
2+







 results in linear increase of lattice parameter aZnO for ~0.01 Å 
by ~10 at.% Fe
2+
 substitution [111]. Therefore, the identical aZnO of composites and 
pure ZnO film means minimal Fe
2+
 diffusion occurred during the growth. The 
structural parameters of the composites, pure STF and pure ZnO are summarized in 
Table 5.1. The crystallographic matching of the two phases and the substrate 
consistent with the calculations is shown in Figure 5.7a and Figure 5.7b. The vertical 
lattice matching between the two phases are calculated by: 2 × aSTF (2 × 3.937 = 7.874 
nm) || 5/2 × aZnO (5/2 × 3.258 = 8.145 nm), which means an out-of-plane tension of 
for STF and out-of-plane compression for ZnO. 
Table 5.1 Structural parameters for STF/ZnO nanocomposites, pure STF, and pure 
ZnO 
 OP lattice 
parameter (Å) 







SrTiO3 substrate 3.905 3.905 59.547 1.000 
Pure STF film 3.946 3.905 59.944 1.010 
STF phase in 
nanocomposites 
3.937 3.898 59.820 1.010 
Bulk ZnO a: 3.253 c: 5.213, a√3: 5.634 47.773 1.603 
Pure ZnO film a: 3.257 c: 5.352, a√3: 5.544 48.320 1.643 
ZnO phase in 
nanocomposites 





Figure 5.7 Three-dimensional crystallographic matching of the STF and ZnO phase 









Figure 5.8 (a) Cross-section TEM and SAED (inset) of STF/ZnO nanocomposites, (b) 
HRTEM image of the nanocomposites interface, (c) STEM Z-contrast image of the 
nanocomposites, (d) AFM phase image of the nanocomposites surface. 
 
Figure 5.8a shows the cross-sectional transmission electron microscopy (TEM) image 
of STF/ZnO composites, showing a textured structure. The SAED (inset) reveals the 
epitaxy of Zn (110) and STF (002) phases. The epitaxial interface between the two 
phases perpendicular to the substrate is observed by high resolution TEM (see Figure 
5.8b). The scanning transmission electron microscopy (STEM) Z-contrast imaging is 
a composition-sensitive technique with the lighter contrast indicating heavier 
elements (STF phase) and vice versa. In Figure 5.8c, we observe STF pillars with 
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average diameters ~10 nm are embedded in ZnO matrix. All the pillars are vertically 
aligned and evenly distributed. The AFM phase-contrast image in Figure 5.8d 
indicates the topography of a maze-like structure, with a volume fraction of STF:ZnO 
≈ 0.85:0.15 (verified by WDS). The topography confirms the nanocomposites 
structure to be STF pillars embedded in the ZnO matrix. The average pillar width of 
~10 nm is consistent with the STEM Z-contrast image. No metal (Sr, Ti, Fe, Zn) 
segregation is observed by STEM elemental mapping (see Figure 5.9). 
 
Figure 5.9 Elemental mapping of STF/ZnO nanocomposite, no metal clustering of Sr, 




5.5 Magnetic properties 
 
Figure 5.10 Magnetic hysteresis loops of STF/ZnO nanocomposites by VSM, the 
inset shows FC and ZFC curves by SQUID. 
 
The magnetic hysteresis loop of the nanocomposites measured by VSM is shown in 
Figure 5.10. The saturation magnetization is ~1.1 μB/Fe which could be systematically 
tuned by growth conditions. A small in-plane remanence was observed whereas the 
in-plane direction is the easy axis for the uniaxial anisotropy of the composites. On 
other hand, pure STF film shows large out-of-plane remancence with the out-of-plane 
direction to be the easy axis (see Figure 5.11). The strain state of STF phase in 
nanocomposites is identical to that of pure STF film, both under tetragonal strain with 
the c/a ratio to be 1.010. Because c/a >1 for both STF film and composite, the 
magnetoelastic effect would result in OP easy-axis for the composite if the 
magnetoelastic coefficient remains the same sign for STF phase in the composite. 
Therefore, the magnetic anisotropy of the nanocomposites is not dominated by the 
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magnetoelastic effect. Most likely, some other effect is important like interface 
anisotropy. Since the composite films are finely structured, any interface anisotropy 
could overwhelm the magnetoelastic anisotropy. 
The inset of Figure 5.10 shows the zero-field cooled (ZFC) and field cooled (FC) 
magnetization vs. temperature. The ZFC and FC curves diverge at a temperature 
around 60 K. Pure STF and many magnetically doped perovskite grown on single 
crystal substrate show similar behavior [97]. Such spin-glass behavior is attributed to 
the coexisting ferromagnetic and antiferromagnetic interactions induced by the mixed 
valence Fe ions.  
 
Figure 5.11 Magnetic hysteresis loop of pure STF film grown on (001) STO substrate 





5.6 STF/ZnO nanocomposites at different growth rates 
 
Figure 5.12 XRD θ-2θ patterns of STF/ZnO nanocomposite synthesized with different 
repetition rates. 
 
The out-of-plane orientation of STF/ZnO nanocomposite grown at 2, 5, 10 and 20 Hz 
is shown in Figure 5.12. All of the samples show good phase separation with 
minimum parasitic phases. The out-of-plane lattice constant of STF phase keeps 
constant for all the samples. However, ZnO phase exhibit increasing out-of-plane 
lattice constant with increasing growth rates. Since ZnO phase in the composite is 
under out-of-plane compressive strain, increasing lattice constant means the relaxation 
of the strain along the vertical interface with increasing growth rates. Therefore, 
smaller growth rate will result in more strained nanocomposite and better cross-




Figure 5.13 In-plane magnetic hysteresis loops measured by VSM for STF/ZnO 
nanocomposite synthesized with different repetition rates. 
 
The in-plane magnetic hysteresis loops exhibit increasing saturation magnetization 
from 0.5 μB/Fe to 1.3 μB/Fe with decreasing growth rates, as shown in Figure 5.13. It 
is possibly due to the higher crystal quality and interface strain with lower growth 
rates. Another possibility is that, when the laser shots hit the target, certain amount of 
outgases was released. With increasing laser repetition rates, the oxygen deficient 
ambient may be changed, which decreases the magnetization. Therefore, we further 




Figure 5.14 XPS spectra of Fe 2p CLs for pure STF and STF/ZnO nanocomposite 
synthesized with different repetition rates. 
 
From Figure 5.14, the large difference of XPS spectra between pure STF and 
composite samples are mainly due to the morphology difference. All of the composite 








 satellite peaks 
of sample grown at 2 Hz is more intense than that of sample grown at 10 Hz. It 
suggests a lower average valence in the composites grown at 2 Hz. The mixed valence 
Fe ions were reported to charge balance the oxygen vacancies [97]. Therefore, the 
higher saturation magnetization in 2 Hz sample is probably related to more oxygen 
vacancies.  
Figure 5.15 shows the XPS spectra of O 1s CLs of pure ZnO, pure STF and the 
composites. According to ref [112] and [113], the O 1s peak consists of low binding 
energy peak at ~530 eV, which is attributed to O
2-
 ions in wurtzite structure, and 





in pure STF locate at ~529.1 eV. Therefore, the three sub-peaks of O 1s CL were 
identified and labeled in Figure 5.15. We further compare the relative intensity of the 
sub-peaks by fitting the 2 Hz and 10 Hz curves. As shown in Figure 5.16, the two 
curves were fitted to a Voigt (mixed Lorentz-Gaussian) line and a Shirley background. 
The intensity ratio I (OV) / I (OSTF) for composite grown at 2 Hz repetition rate is 
slightly higher than that of the composite grown at 10 Hz repetition rate. This is 
believed to be part of the reasons for the evolution of saturation magnetization with 
growth rates. 
 
Figure 5.15 XPS spectra of O 1s CLs of pure ZnO, pure STF and the composites 





Figure 5.16 XPS spectra of O 1s CLs of composites synthesized at 2 Hz and 10 Hz 
repetition rates. 
 
5.7 Optical properties 
 
Figure 5.17 PL spectra of STF/ZnO nanocomposites, under zero applied field, in-
plane magnetic field and out-of-plane magnetic field. 
 
The coupling of magnetic and optical properties was investigated by room 
temperature PL with an applied magnetic field. A rare-earth permanent magnet was 
used to as the source of magnetic field (H = 2000~3000 Oe). The STF/ZnO 
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nanocomposites sample was measured by micro-PL under the condition of zero-field, 
in-plane magnetic field and out-of-plane magnetic field. Multiple positions were 
measured and the results were averaged. The PL spectra of the composites are shown 
in Figure 5.17. Significant red-shift (~0.01 eV) is observed when the magnetic field is 
applied out-of-plane (hard axis). There is no observable PL shift for applying 
magnetic field in-plane compared to zero-field situation. Since the in-plane 
remanence is small (see Figure 5.10), this suggests the composites demagnetize itself 
for zero-field situation but presumably the magnetization of individual regions is still 
in plane. The strain imposed on the ZnO will therefore be the same for zero-field as 
for in-plane saturated, so the two situations have equivalent PL. 
 
Figure 5.18 PL spectra of pure ZnO film, under zero applied field, in-plane magnetic 
field and out-of-plane magnetic field. 
To verify that the PL shift is not due to the change of exciton by applied magnetic 
field, such as the Zeeman splitting of bound exciton line under a lowest magnetic field 
of ~1 T [114], pure ZnO film was characterized as a control. Figure 5.18 shows the 
PL spectra of pure ZnO film under zero applied field, in-plane magnetic field and out-
of-plane magnetic field. No PL shift is observed for the NBE emission peaks. This 
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rules out the possibilities of inherent change such as the interplay of excitons and 
magnetic field that would result in the PL shift observed in the composite sample. 
 
Figure 5.19 Raman shift of STF/ZnO nanocomposites, pure ZnO film, pure STF film 
and STO substrate at room temperature. 
 
To directly verify if the red-shift of the PL curves is mediated by the strain transfer 
triggered by magnetostrictive effect, the lattice dynamics of STF/ZnO 
nanocomposites were further studied using micro-Raman. The excitation line of 325 
nm was used to minimize the penetration depth and to use the resonant Raman modes 
of ZnO. If using visible Raman, the ZnO 𝐸2
ℎ𝑖𝑔ℎ
 mode that is typically used for strain 
analysis would be covered by the predominant STO substrate signal about the second 
order modes. For STF/ZnO nanocomposites, two resonant Raman peaks, namely LO1 
and LO2, are observed, as shown in Figure 5.19. The ZnO LO phonon mode consists 
of A1(LO) and E1(LO) which locate closely to each other. It is noted that the LO2 
mode of the composites shifts towards higher frequencies compared to that of the pure 
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ZnO. This suggests the out-of-plane compression for ZnO phase in the 
nanocomposites, which is consistent with the RSM calculations.  
 
Figure 5.20 LO phonon modes of ZnO phase in STF/ZnO composite, under zero 
applied field, in-plane magnetic field and out-of-plane magnetic field. 
 
The phonon modes of the nanocomposite sample were then measured under the 
conditions of zero-field, in-plane magnetic field and out-of-plane magnetic field. ZnO 
LO1 and LO2 modes exhibit similar line shape under different magnetic fields. A 
slight change of LO2 peak for the OP magnetization is observed which is presumably 
related to shift or intensity change of A1(LO) mode. However, the fit of the two 
Lorenzian A1(LO) and E1(LO) modes to quantify the slight change is very difficult, 
especially when there is lack of restriction of the relative position and intensity 
between A1(LO) and E1(LO) modes under magnetostrictive strain. 
Due to the uncertainty of the PL and Raman results, further verification was done 
using the deformation potential of bulk ZnO and magnetostriction constant of STF 
film to estimate that must have been applied to the ZnO to cause the magnitude of the 
PL and Raman mode shift. For bulk ZnO, the dependence of stress and PL shift is 
1.37-1.81 meV/GPa (uniaxial stress perpendicular to c-axis, out of plane), 1.95-3.37 
meV/GPa (uniaxial stress parallel to c-axis, in plane) [115]. The dependence of stress 
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and Raman mode shift is A1(LO): 1.78 cm
-1
/GPa and E1(LO): 1.98 cm
-1
/GPa (both 
uniaxial stress parallel to c-axis, in plane) [115]. To induce PL shift of 10 meV or 
Raman mode shift of 1 cm
-1





 respectively. However, the magnetostrictive strain provide by STF13 at 
saturation is around 2.1×10
-6
 [18]. 
Although the strain dependence of nanostructured ZnO phase in the composite may be 
different from that of bulk ZnO, the magnetostrictive strain required to induce the 
observed ~1 meV PL shift is considered too large. The identification of the PL shift is 
thus still an open question and needs further investigation. Alternatively, we explored 
CoFe2O4 (CFO) that has much higher magnetostriction constant than STF. 
5.8 CoFe2O4 (CFO)/ZnO nanocomposites 
It has been demonstrated that STF/ZnO nanocomposites formed vertical and fully 
strained interfaces. But to achieve significant strain transfer, magnetostrictive strain 
should be large as possible. Besides perovskite/wurtzite (STF/ZnO), spinel/wurtzite 
nanocomposite is also of interest. Particularly, the spinel CFO has much higher 
magnetostriction constant: λ100 =  (ranges from -120 to -590) × 10
-6
, λ111 = (ranges 
from 33 to 120)  × 10
-6
 [116], compared to that of STF13: λ100 = 2.1×10
-6
, λ111 = 
7.7×10
-6 
[18]. Larger magnetostrictive strain transfer and more significant change of 
ZnO optical properties are expected in the CFO/ZnO nanocomposite. A drawback is 
that the lattice mismatch of CFO/ZnO is higher than that of STF13/ZnO, which makes 
the self-assembled epitaxy to be more challenging. 
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5.8.1 Deposition of CFO/ZnO nanocomposites on STO (100), (110) 
and (111) substrates 
The CFO/ZnO nanocomposite films were grown on STO (100), (110) and (111) 
substrates by PLD. The chamber was pumped to 3×10
-6
 Torr and the substrate 
temperatures were kept at 650 ˚C.  The CFO and ZnO targets were alternatively 
ablated with thickness of each layer to be less than one monolayer thick (CFO: ~ 0.6 
nm, ZnO: ~0.3 nm) in order to avoid continuous multilayer structure. The XRD 
spectra of CFO/ZnO nanocomposites grown on STO (100), (110), (111) substrates are 
shown in Figure 5.21. The composites on STO (100) and (111) show ZnO (002)/CFO 
(400) and ZnO (002)/CFO (222) reflections, respectively. CFO peak is more intense 
for composite on STO (100) whereas ZnO peak is more intense on STO (111). This is 
presumably caused by the crystallographic matching with the substrate. ZnO is known 
to be easily grown on STO (111) with a very small lattice mismatch. No ZnO peak is 




Figure 5.21 XRD θ-2θ scan of CFO/ZnO nanocomposites grown on STO (100), (110), 
(111) substrates. 
 
5.8.2 Magnetic and structural properties of CFO/ZnO 
nanocomposites on STO (100) 
We first investigate the structural and magnetic properties of CFO/ZnO 
nanocomposites on STO (100). The RSM of CFO/ZnO nanocomposites and pure 
CFO film is shown in Figure 5.22. The nanocomposite is under in-plane compressive 
strain and out-of-plane tensile strain whereas the pure CFO film is under in-plane 
tensile strain and out-of-plane compressive strain. The lattice parameters of CFO 




Figure 5.22 RSM of (a) CFO/ZnO nanocomposite and (b) pure CFO film and grown 
on STO (100) substrate, the red spot indicates the fully relaxed bulk CFO. 
 
 
Table 5.2 Lattice parameters of CFO phase in CFO/ZnO nanocomposite and pure 
CFO film grown on STO (100) substrate 
 CFO/ZnO composite CFO Film Bulk CFO 
a, [100] IP (Å) 8.338 8.478 8.392 
c, [001] OP (Å) 8.478 8.352 8.392 
c/a  1.017 0.985 1 
unit cell volume (Å
3
) 589.4 600.3 591.0 
 
The change of strain state for CFO/ZnO nanocomposite results in different magnetic 
anisotropy compared to pure CFO film. Figure 5.23 shows the VSM spectra of 
nanocomposite and pure CFO film, indicating an in-plane easy axis for the composite 
and out-of-plane easy axis for pure CFO film. The different magnetic anisotropy 
suggests that the lattice strain in nanocomposite is dominated by the strain between 




Figure 5.23 VSM spectra of CFO/ZnO nanocomposite (red) and pure CFO film (blue) 
grown on STO (100) substrate. 
 
The microstructure of CFO/ZnO composites on STO (100) was studied by cross-
section TEM, as shown in Figure 5.24. The CFO and ZnO phases formed an inclined 
structure instead of vertical composite (see Figure 5.24a), with the angle between the 
inclined interface plane and substrate surface to be around 45 degree. From the high 
magnification image (see Figure 5.24b) near the inclined interface, CFO and ZnO 





Figure 5.24 Cross-section TEM of CFO/ZnO nanocomposite grown on STO (100) 
substrate, (a) low magnification (b) high magnification near the CFO/ZnO interface. 
 
 
5.8.3 Structural properties of CFO/ZnO nanocomposites on STO 
(111) 
We further characterized the microstructure of CFO/ZnO nanocomposites grown on 
STO (111). The TEM cross-section images are shown in Figure 5.25. The structure 
exhibits leaf-like ZnO phase laterally embedded in the CFO matrix (see Figure 5.25a). 
It is unexpected that ZnO phase formed a continuous layer on the substrate, since the 
ablation counts were calculated to allow less than one monolayer for each round of 
ablation and to prevent continuous layer to be formed. Presumably, the continuous 
layer is due to ZnO phase wets STO (111) much more preferentially than CFO. The 
interfaces between ZnO/STO (111) and ZnO/CFO are shown in Figure 5.25b. 
Relatively sharp interfaces were formed. The good crystal quality of ZnO phase is 




Figure 5.25 Cross-section TEM of CFO/ZnO nanocomposite grown on STO (111) 
substrate, (a) low magnification (b) high magnification near the CFO/ZnO interfaces. 
 
 
5.8.4 Schematic comparison on microstructures of CFO/ZnO on 
STO (100), (111), and STF/ZnO on STO (100) and the effect on 
optical characterizations. 
In PL characterization, there was no PL emission detected from both of the CFO/ZnO 
nanocomposite films. To explore the possible reasons, we compared the 
nanocomposite structures of CFO/ZnO on STO (100), (111) and STF/ZnO on STO 
(100), as depicted by the schematic diagrams in Figure 5.26. CFO/ZnO composite on 
STO (100) formed inclined interface with an angle around 45 degree with substrate 
surface (see Figure 5.26a). For CFO/ZnO composite on STO (111), a lateral ZnO thin 
layer was formed at the composite/substrate interface. Leaf-like ZnO phases laterally 
embedded in the CFO matrix (see Figure 5.26b). On the other hand, STF/ZnO 
composite on STO (100) formed vertical structure, with the STF pillars embedded in 




Figure 5.26 Schematic diagrams of the microstructures of CFO/ZnO nanocomposite 
on STO (100) and (111), STF/ZnO nanocomposite on STO (100). 
 
The reason of no detected optical emission is probably due to the absorption of light 
by CFO phase in such architecture. The optical band gap at room temperature for ZnO 
is around 3.37 eV. The band gap of CFO films range from 2.505-2.615 eV [117]. The 
band gap of STF13 (x = 0.13) can be calculated using the parabolic law verified in 
Chapter 4:  
𝐸𝑔
𝑆𝑇𝐹13 = 3.2 − 1.9𝑥 + 0.5𝑥2 ≈ 3.2 − 0.247 + 0.01 ≈ 2.96 𝑒𝑉 
The PL excitation line is at the wavelength of 325 nm (3.815 eV), and the maxima of 
NBE emission from ZnO locate around 3.28-3.35 eV. Both the energy of PL 
excitation source and ZnO NBE emission are larger than the optical band gap of CFO 
and STF, thus will be absorbed. In the backscattering geometry of PL measurement, 
the laser line incident perpendicular to the sample surface, the incident light and 
emission of ZnO luminesce was absorbed by the CFO phase in CFO/ZnO composite. 
For STF/ZnO composite, due to the vertical structure, light can be extracted along the 
vertical direction.  
To fabricate a vertical CFO/ZnO nanocomposite, the STO substrate orientation of 
(110) should lead to vertical interfaces. However, the co-deposition of CFO/ZnO on 
STO (110) didn’t result in good phase separation. No CFO or ZnO reflections were 
observed by XRD after the co-deposition and self-assembly, implying the impact of 
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larger lattice mismatching on the growth process. For further investigation, suitable 
buffer layers are needed for the heteroepitaxial growth of CFO/ZnO nanocomposite 
films on STO (110) substrates. 
5.9 Summary 
In this chapter, the three-dimensional epitaxy of self-assembled STF/ZnO vertical 
nanocomposites was demonstrated. The lattice parameters and strain states of both 
phases were studied and compared to pure STF and pure ZnO films. The magnetic 
properties of STF/ZnO nanocomposites are dominated by the interface anisotropy of 
the finely structured nanocomposite films. The evolution of saturation magnetization 
in the nanocomposite films with different growth rates is related to oxygen vacancies. 
Lattice dynamics and optical properties of the composites were studied by Raman 
scattering and PL, respectively. CFO/ZnO nanocomposite structures were explored. 
CFO has a larger magnetostriction constant than STF, but the phase separation of 
CFO and ZnO phases is not along vertical interfaces, which results in large absorption 




6 Conclusions and Recommendations 
6.1 Conclusions 
The monolithic integration of wurtzite ZnO and perovskite SrTi1-xFexO3 (STF) holds 
great promises for multifunctional devices. The contributions of this thesis are in three 
aspects:  
1. Growth and optical properties of isolated ZnO nanorods 
ZnO is one of the most promising materials for optoelectronic applications due to its 
unique physical properties, such as a direct wide bandgap and large exciton binding 
energy compared to III-nitrides. Technological challenges remain, including 
developing low-cost, high-throughput, catalyst-free fabrication process of vertically 
aligned and well-ordered nanorods with good optical performance.  
We contributed to developing large-area and well-ordered ZnO nanorods fabrication 
process using high-throughput and low-cost aqueous solution method and 
nanoimprint lithography. High optical performance was achieved by a novel post-
growth annealing process that activates Hydrogen donor bound excitons. During the 
exploration of the fabrication process, we also contributed to the understanding of the 
fundamental growth mechanism, including demonstration of the coexistence of 2D-
nucleation driven wedding cakes and screw dislocation driven spiral growth in high 
supersaturation solution. We demonstrated the growth of two different types of 
nanorods on PLD and sputtering grown ZnO seedlayers respectively. PLD grown 
seedlayer that has less defects and dislocations results in faceted ZnO nanorods that 
have larger near band edge emission and lasing behavior. This work provides novel 
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knowledge on growth mechanism, seedlayer selection and post-growth annealing 
process for large-area ZnO patterned growth, which contributes to future large-scale 
production of ZnO based optoelectronic devices. 
2. Electronic band alignment of lateral ZnO/STF films 
The growth of ZnO film on STO surface is an important issue for monolithic 
integration of ZnO with Si, owing to the fact that STO can be epitaxially grown on Si 
substrates. Functional devices were also developed including ZnO/STO based 
heterostructure field effect transistor. Our major contribution is extending the 
ZnO/STO heterojunction to a new ZnO/STF interface that allows systematic control 
of band alignments by Fe contents in STF. This opens new territories for ZnO/STF 
heterojunction related devices, such as ZnO/STF field effect transistor of which the 
effective barrier height can be systematically controlled. Besides ZnO/STF 
heterojunction, we also carried out temperature dependent PL analysis of ZnO on 
STO (100) and (110). Such optical characterizations have not been reported before 
but are important knowledge for ZnO/STO based optoelectronic devices. 
3. Self-assembled ZnO/STF vertical nanocomposite films 
Current research of vertical nanocomposite mainly focuses on the composite of 
perovskite/spinel to achieve magneto-electric coupling. We demonstrated a new 
perovskite/wurtzite (STF/ZnO) vertical nanocomposite that possibly enables the 
coupling of optical and magnetic parameters. Using a PLD combinatorial method, the 
nanocomposites are epitaxial in three dimensions with the morphology of STF pillars 
embedded in a ZnO matrix. The magnetic properties are dominated by the interface 
anisotropy. A systematic increase of saturation magnetization in the nanocomposite 
films was found with decreasing growth rates. The chemical states of Fe and O ions 
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were studied using XPS. It is proposed that the increased contents of oxygen 
vacancies at lower growth rates caused the increase of saturation magnetization. PL 
red-shift was observed when the composite is under out of plane magnetic field, 
whereas the Raman characterization showed little mode shift. Our exploration 
provides general knowledge on material selection, strain state, magnetic and optical 
characterization for the quest of photonics and magnetism coupling in nanocomposite. 
6.2 Recommendations 
1. ZnO nanorod growth mechanism 
The understanding of ZnO nanorod growth mechanism can be improved by a 
statistical analysis of the heights of mounds identified as wedding cakes or spirals. 
Such height analysis of particular mounds requires high-resolution STM 
measurements and precisely reproduced mounds. It has been reported that there is a 
clear difference in the typical heights of the two kinds of structures in the Pt (111) 
system. The spiral mounds turn out to be higher, although this does not necessarily 
have to be the case. It would strengthen the growth mechanism proposed in this work 
if they could identify a similar effect here, through a systematic statistical analysis of 
the heights of mounds identified as wedding cakes or spirals, respectively.  
2. Electronic devices based on ZnO/STF heterojunction 
It would be interesting to explore the devices based on the lateral ZnO/STF 
heteroepitaxial films. Possible devices would be field effect transistor based on the 
lateral ZnO/STF heterojunction and n-ZnO/p-STO LED that monolithically integrated 
on Si substrates. Optimizing the growth and annealing process would be important for 
the electrical properties of n-ZnO and p-STO (the dopant not necessarily to be Fe). 
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Presumably there will trade-off for optimizing either ZnO or STO to achieve good 
device performance.  
3. ZnO/CFO vertical nanocomposite films 
In order to obtain large enough magnetoelastic-optical coupling effect, so that it can 
be measured by optical characterization methods such as PL or Raman. Besides 
STF/ZnO vertical nanocomposite films, we also demonstrated spinel/wurtzite 
(CFO/ZnO) nanocomposites grown on STO (100) and (111) substrates. CFO has 
magnetostriction constant much larger than that of STF. However, the phase 
separation between ZnO and CFO is not good enough to form self-assemble vertical 
structure and CFO became very absorbent during the optical characterization. 
CFO/ZnO nanocomposite films grown on STO (110) are supposed to get vertical 
phase separation. However, in our growth, CFO/ZnO did not form well-crystallized 
films on STO (110) under identical conditions. It is possible to form vertical 
nanocomposite of CFO/ZnO on STO (110) by carefully explore suitable conditions or 
introduce proper seed layers to tackle the possible strain or chemical effect on the 
growth dynamics.  Besides, other substrates such as LaAlO3, LSAT, MgAl2O4 and 
MgO are worth being investigated. With the increasing lattice constants: LaAlO3 < 
LSAT < SrTiO3 (STF) < MgAl2O4 < MgO (CFO), a systematic study can be done to 
find the effect of epitaxial strain on the structure of the nanocomposites. 
4. Novel optoelectronic devices based on the vertical nanocomposite structure 
The vertical nanocomposite ZnO/STF and ZnO/CFO systems hold great promises for 
multifunctional devices, and the choice of the materials can be broadened to other 
wurtzite/perovskite and wurtzite/spinel systems. It has been reported that ZnO can be 
coupled with a magnetostrictive material to realize the control of magnetism by 
115 
 
electric field, due to the piezoelectric nature of ZnO [33]. Interesting coupling may 
exist for other functional parameters of ZnO, such as the transparent conductivity, 
wide bandgap. These properties enable the ZnO/STF and ZnO/CFO systems to be 
useful to the applications such as transparent electrodes, UV sensors and 
photovoltaics, in which the electrical or optical parameters can be manipulated by 
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